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Abstract 
The thesis investigates the role played by green roof systems in urban areas by reviewing the 
existing literature and by developing a numerical platform to gain insight into their 
performance. For this purpose, FAO-56 dual crop coefficient method (FAO-56 method) has 
been adopted in the simulation for the evaluation of the hydrologic processes 
(evapotranspiration) taking place in some green infrastructure (GI) practices, i.e. in green 
roof systems. The Tew Extension was incorporated into the FAO-56 method to achieve more 
accurate estimates of evapotranspiration, and irrigation planning. Modifications were also 
made to the FAO-56 method with the Tew Extension for the application to agricultural green 
roofs. This study makes use of these models to gain insight into the green roofs’ functions 
within the context of urban ecosystems. 
To ensure the correct use of the weather parameters provided by the Bureau of Meteorology 
(BoM), daily ET0 values were calculated using the Penman-Monteith method and were 
checked against the BoM–provided ET0 values. The correct implementation of all the 
equations involved in the FAO-56 method were ensured using the available examples in the 
FAO-56 document. The improvement in estimation accuracy when the Tew Extension was 
incorporated into the FAO-56 method is discussed and the justification for the modifications 
to the FAO-56 method with the Tew Extension for rooftop agriculture application is also 
presented. 
The findings relating to the test green roofs’ functions of annual rainfall retention, peak flow 
rate reduction and runoff delay support the adoption of green roof systems in urban areas to 
mitigate urban runoff volume and rate problems. With regard to the test green roofs’ impact 
on stormwater runoff quality, the green roofs, in most cases, deteriorated the incoming water. 
The FAO-56 method was applied to urban agriculture and agricultural green roofs, based on 
which evapotranspiration and irrigation needs of the ten annual crops grown in fields and on 
rooftops in Australia’s five major cities were estimated. In both field and rooftop cases, 
different crops planted in the same city resulted in significantly different irrigation needs. In 
all five cities, all the crops grown on rooftops evapotranspired more water than the crops 
grown in fields. Nearly in all cases, crops grown on rooftops demanded more irrigation than 
these crops grown in fields. Most of the water lost through evapotranspiration was 
transpiration in both field and rooftop cases; however, the percentages of transpiration to 
evapotranspiration on rooftops were smaller when compared with these in the field case for 
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all the crops in all five cites. In general, a city that is more irrigation water dependent is likely 
to use a larger portion of total water beneficially. Crops grown on rooftops are likely to take 
up smaller portions of total delivered water than the same crops grown in fields.  
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Chapter 1 Introduction 
1.1 Background 
The world population is predicted to grow from 6.1 billion in 2000 to 8.9 billion in 2050 
(United Nations, 2004). Global urban population, for the first time in history, exceeds global 
rural population in 2007. In 2014, 54% of the world’s population lives in urban areas and this 
number is expected to increase to 66% by 2050 (United Nations, 2014). The concomitant 
environmental deterioration, ecosystem disturbance and crowded living conditions in urban 
centres have imposed numerous threats on city-residents’ health and well-being (Jim and 
Chen, 2009, Tzoulas et al., 2007). For example, naturally-vegetated surfaces (cropland, 
grassland and forests) are replaced by impervious surfaces of streets, driveways and buildings 
in urban and peri-urban regions (Stone, 2004). The ability of urban land to infiltrate, detain, 
retain and evapotranspire water has decreased significantly. This results in, to various degrees, 
decreased ground water recharge and baseflow, increased stormwater volume, amplified peak 
runoff flow rate (Carter and Jackson, 2007, Kidd, 2005, Ahiablame et al., 2013), increased 
frequency of disturbance (Booth and Jackson, 1997), worsened bed and bank erosion and 
increased flooding potential of stormwater discharges, leading to degradation of natural areas 
(Kidd, 2005). The elevated volume of stormwater across a watershed is typically routed into a 
storm sewer system that eventually discharges into a receiving waterbody. On its way, it 
picks up pollutants, thus degrading aquatic ecosystems (Carter and Jackson, 2007). 
Collectively, the negative outcomes related to urban surface runoff caused by imperviousness 
of surfaces found in densely populated areas have been named the “urban stream syndrome” 
(Walsh et al., 2005), which has declined city-dwellers’ living standards to a certain extent. 
Urban ecosystems are “a hybrid of natural and artificial elements whose interactions are 
influenced by natural environment as well as culture, personal behaviour, politics, economics 
and social organization” (Srinivas, 2015). Urban ecosystems need to be designed more 
efficiently and sustainably utilizing techniques and approaches that need to be developed and 
improved (Pataki et al., 2011). Green infrastructure (GI) has been introduced as potentially 
effective practices for nonpoint source pollution control in many countries to mitigate “urban 
stream syndrome” by restoring the natural environment (Tzoulas et al., 2007). GI has been 
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designed and implemented to detain, store and treat urban runoff so that the impact of urban 
development can be reduced (Elliott and Trowsdale, 2007, Jayasooriya and Ng, 2014). GI 
consists of “all natural, semi-natural and artificial networks of multifunctional ecosystems 
within, around, and between urban areas at all spatial scales” (Tzoulas et al., 2007). GI can 
be classified into two main categories, structural and non-structural. Examples of structural 
GI are green roofs, rainwater tanks, wetlands, bioswales, pervious pavement, stormwater 
detention systems, planter boxes, rain barrels/cisterns, and downspout disconnection 
(Jayasooriya and Ng, 2014). Non-structural GI includes alternative arrangements of roads and 
buildings to minimize areas of impervious surfaces and to maximize the application of 
pervious soils and vegetation; and reduction in contaminant sources (Elliott and Trowsdale, 
2007). The term GI in the literature is used interchangeably with low-impact development 
(LID), best management practice (BMP), sustainable urban drainage system (SUDS), water-
sensitive urban design (WSUD), and low-impact urban design and development (LIUDD) 
(Jayasooriya and Ng, 2014). 
Green roof systems, as one type of GI practices, offer a unique advantage over other GI 
because they do not require additional expensive and scarce urban ground-level space, rather 
unexploited rooftops are used, where otherwise would exacerbate detrimental impacts of 
urbanization (Hilten et al., 2008, Palla et al., 2012). Green roofs’ effectiveness in providing 
stormwater runoff control benefits and in improving runoff quality have been intensively 
researched in the recent years, however research results are controversial. Quantitative 
evidence, mostly obtained from experiments, will be collected from literature to understand 
whether green roofs help urban environment or deteriorate it.    
To understand various aspects of urban stormwater, urban hydrologic modelling tools have 
been used extensively by researchers and professionals. After GI being recognized as 
important tools to mitigate urban stormwater problems, components that can assess the 
effectiveness of GI have been added to the software tools. Indeed, many researchers have 
solely focused on hydrologic modelling of green roof systems. The important hydrologic 
processes that are often overlooked in the simulation tools are soil evaporation and plant 
transpiration. The sum of these processes is called evapotranspiration (Flumignan et al., 
2011). Vegetation and soil are vital parts of some of GI and of green roof systems. They are 
also important components to restore urban natural hydrologic cycle. Hence, in the current 
project, the dual crop coefficient method presented in the Food and Agriculture Organization 
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(FAO) of the United Nations (UN) Irrigation and drainage Paper 56 (FAO-56) (Allen et al., 
1998) is used to estimate evapotranspiration, which is implemented in MATLAB.  
The sustainability of urban ecosystems can be further improved by practicing urban 
agriculture, and by replacing inedible vegetation on green roof systems with edible 
vegetables (agricultural green roof systems). The dual crop coefficient method (with 
modifications where applicable) is applied to estimate crop water use and irrigation 
requirements for ten popular annual crops in Australia grown in fields and on rooftops. 
Australia’s five major cities have been chosen to be the sites of investigation.   
 
1.2 Aims and Objectives of the Thesis 
The objectives of the current thesis are summarised as follows:  
 to conduct a state of the art review on green roof technology; and  
 to develop a numerical framework to evaluate crop evapotranspiration and irrigation 
requirements of agricultural green roof systems in urban ecosystems.  
 
1.3 Thesis layout 
This thesis is composed of seven chapters with the first and last chapters being introduction 
and conclusion, respectively. Each body chapter starts with an introduction which introduces 
that chapter and describes the arrangement of the content of that chapter.  
Chapter 2 Literature Review presents quantitative evidence of effectiveness of green roof 
systems in mitigating problems related to urban stormwater runoff volume and rate and in 
improving runoff quality. The chapter also provides a detailed literature review of hydrologic 
modelling of GI practices and green roof systems, and presents the research gap.  
Chapter 3 Green Roof Technology introduces green roof systems in details. Three green roof 
case studies are also included.  
Chapter 4 Modelling outlines the dual crop coefficient method and its extension, and the 
implementation of the method in MATLAB. It also describes the modifications made to the 
dual crop coefficient method in order to applying the method to agriculture green roofs.  
Chapter 5 Model Consistency describes the processes used to ensure the correct use of 
weather data obtained from the Bureau of Meteorology, and to ensure the correct 
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implementation of the dual crop coefficient method. Simulation results are also presented to 
demonstrate the reasonableness of the model extension and the model modifications.  
Chapter 6 Model Application presents simulation results of and discussions about 
evapotranspiration and irrigation demands of the ten annual crops grown in fields and on 
rooftops in Australia’s five major cities.  
 
1.4 Reference 
AHIABLAME, L. M., ENGEL, B. A. & CHAUBEY, I. 2013. Effectiveness of low impact 
development practices in two urbanized watersheds: retrofitting with rain 
barrel/cistern and porous pavement. J Environ Manage, 119, 151-61. 
ALLEN, R. G., PEREIRA, L. S., RAES, D. & SMITH, M. 1998. Crop evapotranspiration - 
Guidelines for computing crop water requirements - FAO Irrigation and drainage 
paper 56, Rome, Food and Agriculture Organization of the United Nations. 
BOOTH, D. B. & JACKSON, C. R. 1997. Urbanization of aquatic systems: degradation 
thresholds, stormwater detection, and the limits of mitigation. Journal of the 
American water resources association, 33, 1077-1090. 
CARTER, T. & JACKSON, C. R. 2007. Vegetated roofs for stormwater management at 
multiple spatial scales. Landscape and Urban Planning, 80, 84-94. 
ELLIOTT, A. & TROWSDALE, S. 2007. A review of models for low impact urban 
stormwater drainage. Environmental Modelling & Software, 22, 394-405. 
FLUMIGNAN, D. L., DE FARIA, R. T. & PRETE, C. E. C. 2011. Evapotranspiration 
components and dual crop coefficients of coffee trees during crop production. 
Agricultural Water Management, 98, 791-800. 
HILTEN, R. N., LAWRENCE, T. M. & TOLLNER, E. W. 2008. Modeling stormwater 
runoff from green roofs with HYDRUS-1D. Journal of Hydrology, 358, 288-293. 
JAYASOORIYA, V. M. & NG, A. W. M. 2014. Tools for Modeling of Stormwater 
Management and Economics of Green Infrastructure Practices: a Review. Water, Air, 
& Soil Pollution, 225. 
JIM, C. Y. & CHEN, W. Y. 2009. Ecosystem services and valuation of urban forests in China. 
Cities, 26, 187-194. 
KIDD, J. 2005. OPTIMUM GREEN ROOF FOR BRISBANE. Bachelor, the University of 
Queesland. 
PALLA, A., GNECCO, I. & LANZA, L. G. 2012. Compared performance of a conceptual 
and a mechanistic hydrologic models of a green roof. Hydrological Processes, 26, 73-
84. 
PATAKI, D. E., CARREIRO, M. M., CHERRIER, J., GRULKE, N. E., JENNINGS, V., 
PINCETL, S., POUYAT, R. V., WHITLOW, T. H. & ZIPPERER, W. C. 2011. 
Coupling biogeochemical cycles in urban environments: ecosystem services, green 
solutions, and misconceptions. Frontiers in Ecology and the Environment, 9, 27-36. 
SRINIVAS, H. 2015. Sustainable Development: Concepts - Urban Ecosystem [Online]. Kobe, 
Japan: Global Development Research Centre. Available: 
http://www.gdrc.org/sustdev/concepts/23-u-eco.html [Accessed 22/07 2015]. 
STONE, B. 2004. Paving over paradise: how land use regulations promote residential 
imperviousness. Landscape and Urban Planning, 69, 101-113. 
Chapter 1 Introduction 
1-5 
 
TZOULAS, K., KORPELA, K., VENN, S., YLI-PELKONEN, V., KAŹMIERCZAK, A., 
NIEMELA, J. & JAMES, P. 2007. Promoting ecosystem and human health in urban 
areas using Green Infrastructure: A literature review. Landscape and Urban Planning, 
81, 167-178. 
UNITED NATIONS 2004. World population to 2300, New York: Department of Economic 
and Social Affairs, United Nations Publications. 
UNITED NATIONS 2014. World Urbanization Prospects: The 2014 Revision. In: AFFAIRS, 
D. O. E. S. (ed.). New York: United Nations. 
WALSH, C. J., ROY, A. H., FEMINELLA, J. W., COTTINGHAM, P. D., GROFFMAN, P. 
M. & MORGAN, R. P. 2005. The urban stream syndrome: current knowledge and the 
search for a cure. Journal of the North American Benthological Society, 24, 18. 
 
Chapter 2: Literature Review 
 
2-1 
 
Chapter 2 Literature Review 
2.1 Introduction 
This chapter provides a critical review of previous work published in the literature on GI, in 
particular green roof systems. The chapter is articulated in four sections. In the first section, 
the effectiveness of green roof systems is discussed, followed by a section on hydrologic 
modelling of GI and a review on green roof hydrologic models. The final section summarises 
the key areas of hydrologic processes which justify the need for the current research.  
The concept of green roof systems is briefly introduced here. Detailed introduction on green 
roof systems is presented in Chapter 3. Green roof systems are multi-layered structures 
(Hopkins and Goodwin, 2011). A typical green roof consists of, in the construction order, a 
root barrier, a drainage layer, a filter fabric, a water retention mat, an engineered soil layer, 
and a vegetation layer (Hathaway et al., 2008). Green roofs can be classified into extensive 
and intensive, depending on the intended purpose of a green roof and the depth of the soil 
layer. In comparison with intensive green roofs, extensive green roofs have the following 
characteristics: a soil layer depth is less than 200 mm; relatively lightweight; lower cost; not 
designed for human recreational activities; minimal or no maintenance requirement; and 
planted with shallow-root, low-growing and drought-tolerant succulents, herbs, grasses and 
mosses (Wolf and Lundholm, 2008, Czemiel Berndtsson et al., 2009, Hopkins and Goodwin, 
2011). Extensive green roofs can be constructed mainly using the three ways: prefabricated 
vegetation mats, built-in-place, and modular tray system (Banting et al., 2005, Oberndorfer et 
al., 2007, Czemiel Berndtsson, 2010).  
 
2.2 Effectiveness of green roof systems in providing services in urban 
ecosystems 
The potential services provided by green roof systems that are commonly described are 
stormwater runoff control benefits, contribution to improvement of runoff quality (Rowe, 
2011, Buccola and Spolek, 2010), energy savings through reduced demand for air-
conditioning and heat (Jim and Tsang, 2011, Lazzarin et al., 2005, Barrio, 1998), mitigation 
of urban heat island effects (Bass et al., 2002 as cited in Mentens et al., 2006) and air 
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pollution mitigation (include carbon sequestration) (Yang et al., 2008, Currie and Bass, 2008, 
Getter et al., 2009). This review is unable to encompass all the potential services of green 
roof systems. It concentrates on services relating to hydrology – stormwater runoff control 
benefits and improvement of runoff quality. 
 
2.2.1 Stormwater runoff control benefits 
Green roof systems help to mitigate urban runoff volume and rate problems mainly by means 
of two processes (illustrated in Figure 2-1): (i) retention: part of total precipitation depth fills 
the empty space in the soil, the retention layer and the drainage layer; and hence the total 
outflow from green roofs are generally less than the total incoming rainfall and less than the 
total runoff from a conventional roof; (ii) detention: stormwater is temporarily stored in the 
soil, the retention layer and the drainage layer, excess water is then relatively slowly released 
over a longer period of time. The start of runoff from a green roof occurs at a later instant 
than the start of runoff from a conventional roof. The centroid of the area under green roof 
discharge curve is behind the centroids of the areas under conventional roof discharge curve 
and the rainfall intensity curve. In addition, peak discharge rate from a green roof is lower 
and occurs later than that from a conventional roof and peak rainfall intensity (Mentens et al., 
2006, Palla et al., 2009, Palla et al., 2012). 
In 1985, water retaining ability of green roofs was first mentioned in the German literature 
(Ernst and Weigerding, 1985 cited in Mentens et al., 2006), since then green roof hydrologic 
performance has been intensely researched. Many researchers monitored the rainfall-runoff 
behaviour of green roof systems, e.g. Villarreal and Bengtsson, 2005, Hathaway et al., 2008, 
Dunnett et al., 2008, and Buccola and Spolek, 2010. The large difference in local weather 
conditions, testing duration, growing soil depth/composition, vegetation 
coverage/composition, and size of the experimental sites (Buccola and Spolek, 2010) make it 
difficult to compare all of these results side by side (Czemiel Berndtsson, 2010). Taking this 
aspect into consideration, quantitative evidence collected in the literature to assess the 
effectiveness of green roofs as a tool to mitigate urban stormwater problems will be discussed 
in the following. The collected green roof performance results are only indicative of how well 
they performed in the urban environments.  
Pilot-scale and full-scale green roof studies in the following are classified according to their 
ability to provide retention or detention to the water. Variables describing retention and 
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detention in the literature are listed in Table 2-1 and Table 2-2. In terms of green roof 
stormwater retention, the majority of the authors provided retention as a percentage of rainfall 
quantity. Other authors provided rainfall depth/volume and retention depth/volume of green 
roofs. A few authors gave the heaviest rainfall for which no runoff was generated, and the 
number of rainfall events that did not have any runoff. Less attention has been given to the 
detention benefits of green roofs. Detention was represented by a more diverse range of 
variables. There were no agreed variables among the researchers to describe detention 
performance. Each reference tended to provide its own variables and definitions. Peak flow 
reduction, compared to other detention variables, was mentioned the most in the literature, 
although used with different definitions (refer to Table 2-2). The second most used variable 
was delay. Delay was defined as the difference in time between the hydrograph (the rate of 
discharge versus time) and the hyetograph (rainfall intensity versus time) centroids.  
Therefore, the three commonly used variables describing hydrologic performance in the 
literature – retention, peak discharge rate reduction and delay – were selected to provide 
indications of how well the green roofs contributed to mitigate urban runoff volume and rate 
problems. The majority of the values collected consisted of experimental results. In some 
cases, modelling results of the three parameters were also collected.  
The adopted experiments with different structures and under various weather conditions were 
generally conducted in three ways: pilot-scale tests using modular trays placed in a 
greenhouse applying artificial rains; pilot-scale tests using modular trays placed in a garden 
or on a rooftop exposed to natural weather conditions; and full-scale tests constructed on 
rooftops exposed to natural weather conditions. The soil layer depth ranged from 25 mm 
(VanWoert et al., 2005) to 200 mm (Palla et al., 2012), which means the tests were all 
conducted on extensive green roofs. Most of the test green roofs supported drought-tolerant, 
low-growing sedum, forb and sedge species. The experiments scaled from 1.5 – 940 m2. The 
test duration ranged from a single precipitation event period to 3 years. The slope of the test 
green roofs varied between 0° and 14°.  
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Figure 2-1 Typical hydrographs of a green roof and a conventional roof 
 
 
Table 2-1: The variables represent the retention performance of the green roofs in the chosen 
literature 
Hydrologic performance 
variables Definition/Type of observation References 
Rainfall depth/volume and 
retention depth/volume of 
individual precipitation event 
Measured 
DeNardo et al., 2005, Bengtsson et al., 2005, Villarreal 
and Bengtsson, 2005, Carter and Rasmussen, 2006, 
Teemusk and Mander, 2007, Bliss et al., 2009, Palla et 
al., 2009, Stovin et al., 2012, Speak et al., 2013 
rainfall depth and mean 
retention volume 
Measured Dunnett et al., 2008 
Retention 
Retention depth
100%
Total rainfall depth
  
 
DeNardo et al., 2005, Bengtsson et al., 2005, VanWoert 
et al., 2005, Villarreal and Dunnett, 2005, Carter and 
Rassmussen, 2006, Getter et al., 2007, Teemusk and 
Mander, 2007, Dunnett et al., 2008, Hathaway et al., 
2008, Hilten et al., 2008, Palla et al., 2009, Buccola and 
Spolek, 2010, Palla et al., 2010, Gregoire and Clausen, 
2011, Palla et al., 2012, Stovin et al., 2012, Carson et 
al., 2013, Speak et al., 2013, Volder and Dvorak, 2014 
Runoff reduction 
Total runoff from control – total runoff from green roof
Total runoff from control roof
 
Simmons et al., 2008, Bliss et al., 2009 
Heaviest rainfall for which 
100% retention was achieved 
Observed VanWoert et al., 2005, Carson et al., 2013 
Number of rainfall events that 
has no runoff 
Observed VanWoert et al., 2005, Carson et al., 2013 
 
 
 
 
 
 
 
 
 
 
Retention = area under blue curve – area under green curve  
Rainfall intensity 
Time 
Conventional 
roof response 
Green roof 
response   
  F
lo
w
 ra
te
 
          Centroids of the areas 
under corresponding curves 
Detention:
Delay  
Detention: Peak flow rate reduction 
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Table 2-2: The variables represent the detention performance of the green roofs in the chosen 
literature 
Hydrologic performance variables Definition/Type of observation References 
Peak flow reduction (%) 
Calculated as the percentage difference between the outflow 
peaks of the green roof and the reference impervious surface 
Carter and Rasmussen, 2006, Bliss et al., 
2009, Palla et al., 2010, Palla et al., 2012 
Peak rainfall intensity - Peak discharge
100%
Peak rainfall intensity
  DeNardo et al., 2005, Hathaway et al., 2008, Hilten et al., 2008, Stovin et al., 2012 
Peak discharge (l/s) 
Measured Palla et al., 2009, Palla et al., 2012 
Obtained using the maximum of the 30-s observations for each 
storm event 
Carter and Rasmussen, 2006 
Peak discharge (mm/h) Evaluated over a 5 min time interval Stovin et al., 2012 
Peak discharge (m3/s) Measured Bliss et al., 2009 
Peak discharge (mm/h) and Peak 
rainfall intensity (mm/h) 
Measured DeNardo et al., 2005 
Delay (min) 
Determined as the difference in time between the hydrograph 
(the rate of discharge versus time past a specific point) and 
hyetograph (rainfall intensity versus time) centroids 
Carter and Rasmussen, 2006, Palla et al., 
2010, Palla et al., 2012, Stovin et al., 2012 
Detention time (h) 
The time required for runoff to effectively end (<0.0001cm/h) 
after the rainfall ceases. 
Hilten et al., 2008 
Detention/lagtime (min) 
The time between the area centroid of the rainfall curve to the 
peak of the discharge curve 
Buccola and Spolek, 2010 
Time to Start of Runoff (min) 
The time between the start of the rainfall and the time at which 
the total runoff exceeded 0.01mm 
Stovin et al., 2012 
Delay to start of runoff Time between the start of rainfall and the start of runoff DeNardo et al., 2005 
Runoff delay (peak-to-peak) (min) 
The time difference between peak outflow rate and the peak 
rainfall hyetograph 
Stovin et al., 2012 
Maximum detention 
The maximum of water stored in the roof at any given time  
during rainfall minus the retention amount 
DeNardo et al., 2005 
Period between peak rainfall intensity 
and peak discharge (h) 
Measured DeNardo et al., 2005 
Rainfall depth to start runoff (mm) Measured 
Villarreal and Bengtsson, 2005, Carson et 
al., 2013 
 
 
Retention values were further grouped, according to time-scale, into event-based, seasonal 
and annual retention performance. The significance of event-by-event analysis may be 
recognized by drainage engineers who are interested in green roofs’ response to extreme 
events. Seasonal changes in retention behaviour of the green roofs may be meaningful to 
green roof designers or the general public that in which season green roofs can be expected to 
help the most. Overall annual retention values were collected from experiments in the 
literature that had duration longer than 10 months. These values give indication of long-term 
performance of green roofs operating as a tool to retain stormwater. These values may be 
interesting to government bodies and the general public that green roofs may give various 
responses to individual precipitation events, but it may be the overall annual results that 
determine the adoption of green roof systems in urban settings.  
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All of the retention performance of the test green roofs in Table 2-3, Table 2-4, and Table 2-5 
are expressed as the amount of rainwater retained in the green roof divided by the rainfall, 
with the exception of Simmons et al. (2008) and Bliss et al. (2009) who compared their green 
roof retention values with those of the control roofs. With respect to event-based retention, 
many references provide a table of the green roofs’ retention responses to individual rainfall 
events. Minimum, maximum, median, average, and overall retention values of each 
experiment were helpful for the analysis. An averaged value was the average of the 
individual retention responses to the rainfall events. An overall value was the division of total 
green roof rainwater retention during the test period by total rainfall during the same period. 
The values of rainwater retention of green roofs change with weather conditions and roof 
design. A complete set of weather conditions (mainly precipitation characteristics) were only 
available in a few papers. However, most papers did provide precipitation depths. Roof 
design variables were often provided by the authors. Parameters of weather conditions and 
roof design were collected as many as possible although the discussion on the retention 
performance will not be related to these parameters due to the fact that these parameters of 
each experiments were largely different as mentioned before. Rainfall depth, soil depth, roof 
slop, and other components contributing to water retention of each green roof are listed 
beside the retention values in Table 2-3, Table 2-4, and Table 2-5. Test duration, and rainfall 
events analysed for that green roof are also listed to indicate the reliability of the retention 
data. In order to collect as many retention values as possible, some values were read off 
figures where appropriate. The test green roofs were both subjected to artificial and natural 
weather conditions when investigating even-based retention, while for annual and seasonal 
analysis, only tests subjected to natural conditions were possible. In most cases, individual 
natural rainfall events were those separated by 6 hours.  
The collected values for peak flow rate reduction and delay values were event-based. The 
reduction in peak discharge rate is very important since often the total runoff volume and 
duration of a rainfall event are not the problem; it is the rate of runoff needs to be treated 
(VanWoert et al., 2005). If green roofs are able to slow down the runoff flow rate, they can 
help reduce the erosional power of rapid flowing runoff that is directed to streams. Hydraulic 
disturbance to biota, channel incision and bank erosion can be reduced (Walsh et al., 2005). 
By processing runoff for a longer time, green roofs delay the release of the rainwater. 
Combined stormwater sewer systems can be prevented from overflowing. These advantages 
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provided by green roofs may alter the design of urban stormwater and sewage systems, and 
also influence stormwater management practices (Getter et al., 2007).  
 
Event-based retention 
Table 2-3 contains event-by-event retention performance of the test green roof systems. 
Among all the tests, the number of rainfall events experienced by green roof systems and 
selected for analysis ranged from 3 to 108. The smallest single rainfall event quantity was 
0.01 mm (the lower limit of rainfall detection) and largest event had 180 mm of rainfall. The 
largest and the most varied precipitations were recorded during Carson et al’s (2013) 12-
month experiment, which varied between 0.25 and 180 mm.  
The minimum single rainfall retention occurred was -22.86% in Palla et al. (2009)’s 
experiments, meaning that the green roof outflow depth was higher than the incoming rainfall 
depth. The authors explained that the occurrence of negative retention was due to that the soil 
water content at the beginning of the rainfall event significantly exceeded the field capacity. 
The largest retention of a rainfall event was 100%. This maximum single event retention 
occurred on several roofs.  
The eight rainfall events reported by Palla et al. (2009) over their 170 m2 green roof resulted 
in lowest median (7.6%), average (11.2%) and overall retention (8.5%) values. Although the 
maximum single rainfall retention was 56.38%, the median value was 7.61%, which indicates 
that half of the events had less than 7.61% of retention. The highest median retention 
occurred on Palla et al.’s (2012) green roof (94%), the highest average retention occurred on 
Volder and Dvorak’s (2014) (77.7%) and the highest overall retention occurred on VanWoert 
et al.’s (2005) roof (70.7%). The median was 94% in Palla et al.’s (2012) experiment, 
meaning the green roof retained more than 94% of each of the 15 (out of 32) rainfall events. 
As the average value (74.6%) provided by this green roof was lower than the median value, it 
indicates that there existed some extremely small retention values (e.g. 4.6%, and 9.5%). This 
average value was actually very close to the maximum average value in Volder and Dvorak’s 
(2014) experiment. These maximum statistical values signify that green roofs can 
significantly help to relief urban stormwater volume problems.  
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Seasonal retention 
Seasonality of green roof retention performance attracted much less attention of researchers. 
Only three groups of researchers identified in the literature provided seasonal retention values. 
Table 2-4 lists such retention values along with the weather and roof design variables. The 
values did not show a particular season that had the highest retention. The three full-scale 
green roofs in Carson et al.’s (2013) experiment had the best retention performance in 
different seasons (summer, spring and fall). These three roofs were vegetated mat, built-in-
place, and modular tray. They had the same testing time and duration, although constructed in 
different times and located in different places within New York City. The observed rainfall-
runoff data exhibited a quadratic relationship for each green roof. A polynomial equation was 
created for each roof and was then subjected to 4,291 rainfall events occurred during the 40-
year historic period. The seasonal runoff values were estimated. The highest retention for the 
three green roofs all occurred in winter. Both Stovin et al. (2012) and Speak et al. (2013) had 
the highest retention occurred in spring. Surprisingly, presumably higher evapotranspiration 
rate in summer did not result in higher retention in all but one cases.  
 
Annual retention 
The annual retention performance results of the green roofs are listed in Table 2-5. The 
annual retention ranged from 36% to 85.2%. The lowest annual retention occurred on Carson 
et al.’s (2013) vegetated-mat green roof with 32 mm deep soil layer. This implies that a 32 
mm deep soil may retain 36% of annual rainfall; and demonstrates that extensive green roofs 
with thin soil layer can greatly contribute to stormwater volume mitigation. The largest yearly 
retention occurred on Getter et al.’s (2007) green roof with 60 mm deep soil and 2% slope.  
 
Peak flow rate reduction 
Minimum, maximum, median and average values of peak outflow reduction from each 
reference are tabulated in Table 2-6. The peak discharge rate reduction values of the green 
roofs in Table 2-6 were calculated using the two definitions. One was the percentage 
difference between peak rainfall intensity and peak green roof discharge; and the other one 
was the percentage difference between the outflow peaks of the green roof and the control 
roof.  
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When comparing the peak discharge rates from green roofs with the peak rainfall intensities, 
the reduction percentages ranged from 0.4% to 100% (no runoff from the green roofs). This 
large range of values indicates that green roofs may or may not be able to attenuate the peak 
flow rate. When looking at the average peak flow reduction values, the lowest value was 
44.3%. This was a rather significant reduction of peak flow rate. Although the minimum peak 
flow rate reduction on Hilten et al.’s (2008) roof was close to zero, the median (54.7%) and 
average (48.8%) values of that green roof gave positive evidence that green roofs can greatly 
reduce peak flow rates.   
When comparing the peak flow rates of the green roofs with those on the control roofs, the 
reduction percentages ranged from –5.66% to 100%. The negative values in Table 2-6 mean 
that peak runoff rates from the green roofs were higher than those from the conventional 
roofs. The minimum and maximum values may be less meaningful than the average values. 
The smallest average reduction percentage was 30.46%. This can be seen as a positive result. 
Hence, on average, green roofs could reduce peak stormwater runoff rate significantly and 
greatly relief the burden on urban drainage infrastructure.  
 
Delay 
The green roof runoff delay was evaluated as the difference in time between the hydrograph 
and hyetograph centroids. Minimum, maximum, median and average values of delay from 
each reference are tabulated in Table 2-7. The minimum value was –66.42% occurred on 
Carter and Rasmussen’s (2006) roof. This negative number means that the green roof 
released the half of the total runoff before the half of the total rainfall had fallen on the roof. 
The total runoff volume was less than the total rainfall. The maximum delay of 2,531 minutes 
(42.18 hours) occurred on the green roof of Palla et al. (2012). The least median delay 
occurred on Carter and Rasmussen’s (2007) green roof, which was 23.15 min. Therefore, for 
half of the rainfall events the green roof was able to delay more than 23.25min. The average 
delay was between 34.87 and 602.37 minutes. It is evident that the green roofs, in most cases, 
can greatly delay runoff; hence desynchronizing stormwater flows from different sources. 
Consequently, the situations with large quantity of stormwater flowing on roads and 
pavements can be relieved.   
To sum up, event-based retention results show that a green roof system can produce more 
outflow than the incoming rainfall if the soil water content at the start of a rainfall event 
Chapter 2: Literature Review 
 
2-10 
 
exceeds the field capacity. Green roof systems are able to completely retain a rainfall event. 
With regard to seasonal retention, summer was expected to be the season that had the highest 
retention among the seasons; however, the retention values did not show any particular 
season that had the highest retention. The annual retention values indicate that green roofs 
can help to reduce urban stormwater runoff significantly with overall retention values ranging 
from 36% to 85.2%. When comparing green roof peak outflow rates with the peak rainfall 
intensities, green roofs may or may not be able to reduce peak outflow rate for a single 
precipitation event. However, the average values show advantages of green roofs that the 
average reduction of peak rate of runoff could be between 44.3% and 88%. When comparing 
peak outflow rates from green roofs and from conventional roofs, flow rates from green roofs 
can be lower, but the rates can also be higher for a single rainfall. The average values also 
showed positive outcome that green roofs could reduce peak outflow rate from 30.5% to 
91.1%. In terms of runoff delay, green roofs can play a great role in urban stormwater 
management because on average the test green roofs delayed runoff 34.87 to 602.37 minutes.   
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Table 2-3 Green roof event – based retention  
Reference Min Max Median Average Overall Test duration 
No. of rainfall 
events selected for 
analysis 
Rainfall depth 
(mm) 
Soil depth 
(mm) 
Slope 
(degrees) 
Other layer contributing to 
retention Comments 
Villarreal and 
Bengtsson, 
2005  
9.6% 51.4%   23.6% Not known Not known 3.7 – 18  40 (soil+ 
sedum 
album) 
 
2,5,8  
The soil water content was at filed 
capacity at the beginning of each test.  
Artificial rains which mimicked both 
real and design rain events were 
applied over the plot by means of a 
sprinkler. 
10% 62%   38.5% 
07/2003 
– 
08/2003 
several 20 – 78  2,8,14  
The soil was dry at the beginning of 
each test, and then the test plot was 
subjected to constant intensity 
rainfalls, 0.4, 0.8, 1.3 mm/min. 
DeNardo et 
al., 2005 
 
19.4% 97.6% 32.8% 45% 34.2% 
10/2002 
– 
11/2002 
7 3.3 – 39.6  89 4.8   
VanWoert et 
al., 2005 
    60.6% 
14 months: 
28/08/2002  
–  
21/10/2003 
Each green roof 
experienced 83 
rainfall events 
Daily 
precipitation 
range from 0.08 to 
53.59 mm. Total 
rainfall during the 
study period was 
556 mm 
25 1.2 Water retention fabric 
retention capacity was 2 mm. 
The vegetation carrier also 
had retention capacity of 
800 g/m2 and was about 
0.75 cm thick. 
Experiment1: Total retention over 14-
month period 
    69.8% 25 1.2 
Experiment 2: Total retention over 14-
month period 
    70.7% 40 1.2 
    65.9% 40 3.7 
    68.1% 60 3.7 
Carter and 
Rassmussen, 
2006 
39.2% 100% 80.9% 77.2% 62.5% 
13 months: 
01/11/2003  
–  
30/11/2004 
31 2.8 – 84.3  76.2 < 2 
The water retention capacity 
of the moisture retention mat 
was about 5 l/m2, and the 
water retention capacity of 
the synthetic drainage panel 
was about 4 l/m2 
Individual storm events were required 
to have an antecedent dry period of 24 
hours. 
Teemusk and 
Mander, 2007 19.4% 93.8% 85.7% 66.4% 19.6% 
06/2004 
– 
04/2005 
2 light event (2.1 
mm, 2.4 mm) and 
1 heavy event 
(18.2 mm) 
2.1 – 18.2 100 0 Rock wool for retention was 80 mm thick  
Dunnett et al., 
2008 28.3% 63.5% 38.2% 41.5%  
16/09/2006   
– 
03/11/2006 
12 in total: 6 light 
and 6 heavy on 
each tray 
12.5 – 25 
3000 g of 
substrate 
material in 
each tray. 
Should be 
less than 
57.2 mm 
0  
The results were from the second 
experiment. Artificial rain: heavy rain 
= 2 L for each tray and light rain = 
1 L for each tray. Each test had 
different vegetation. Precipitation 
depths inconsistent when derived 
from intensity and volume. 
Hilten et al., 
2008 21.6% 100% 44% 52.9%  
01/2005 
– 
08/2005 
5 12.7 – 79.3 100 0   
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Table 2-3 (continued) 
Reference Min Max Median Average Overall Test duration 
No. of rainfall 
events selected 
for analysis 
Rainfall depth 
(mm) 
Soil depth 
(mm) 
Slope 
(degrees) 
Other layer contributing to 
retention Comments 
Simmons et 
al., 2008, 
Roof A 
16% 26%    
10/2006 
– 
11/2006 (fall)  
and  
03/2007 
–  
06/2007(spring) 
3 (49.0, 28.4, 
11.9 mm) 11.9 – 49 100 0 
Retention cup capacity 1.85 
l/m2 
The retention values were calculated 
as a percentage of the averaged 
retention values of black and white 
conventional roofs for each green roof 
type. 
Simmons et 
al., 2008, 
Roof B 
38% 73%    Retention cup capacity 3.33 l/m2 
Simmons et 
al., 2008, 
Roof C 
27% 64%    Retention cup capacity 3.00 l/m2 
Simmons et 
al., 2008, 
Roof D 
43% 88%     
Simmons et 
al., 2008, 
Roof E 
29% 34%     
Simmons et 
al., 2008, 
Roof F 
8% 30%    Retention cup capacity 3.64 l/m2 
Bliss et al., 
2009 5% 69% 21.0% 29.4%  
08/2006 
– 
01/2007 
13 1.78 – 55.88 140 0  
Retention = 1 - (runoff volume from 
green roof / runoff volume from 
control roof) 
Palla et al., 
2009 -22.9% 56.4% 7.6% 11.2% 8.5% 
 
09/2008 
– 
12/2008 
8 28.2 – 98.6 200 0  
Volumetric water content was 
significantly higher than that at field 
capacity at the beginning of the event 
for cases that have negative retention 
capacity 
Palla et al., 
2010 0 100% 46.0% 51.5%  
05/2007 – the 
publication of the 
paper 
30 8 – 138.2 200 0   
Stovin et 
al., 2012 0% 100% 30.2% 43% 29.3% 
27 months: 
01/01/2007 
– 
31/05/2009,  
excluding 17/01/08 
– 
03/03/08  
and 17/03/08 
– 
01/04/08 
21 (return 
period >1 year) 8.8 – 99.6 80 1.5  
The retention values were in response 
to the significant rainfall events 
(Return Period > 1 year). 
Palla et al., 
2012 4.6% 100% 94% 74.6%  
05/2007 
– 
07/2008 
32 9 – 138.2 200 0   
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Table 2-3 (continued) 
Reference Min Max Median Average Overall Test duration 
No. of rainfall 
events selected 
for analysis
Rainfall depth 
(mm) 
Soil depth 
(mm) Slope (degrees) 
Other layer 
contributing to 
retention
Comments 
Speak et al., 
2013 22% 100% 65.7%   
08/09/2011-
12/10/2012, 
excluding 
20/5/2012 
–06/06/2012
69 0.01 – 56.08 170 Not known   
Carson et 
al., 2013,  
W118 
3% 100%   36% 
06/2011 
– 
06/2012
74 out of 83 
0.25 – 180 
32 predominantly 
horizontal, with 
base slopes of 
<1.2 degrees 
toward the 
rooftop drains 
  
Carson et 
al., 2013,  
USPS 
9% 100%   47% 
06/2011 
– 
06/2012
108 out of 113 
100 (200 in 
selected 
locations)
  
Carson et 
al., 2013,  
ConEd 
20% 100%   61% 
06/2011 
– 
04/2012
61 out of 74 100   
Volder and 
Dvorak, 
2014 
   77.7%  
04/2010 
– 
09/2010 
15 
4.1 – 102.9, total 
precipitation 
during study 
period was 
435.3 mm 
89 1.2  
Event size was defined as total 
precipitation for that day 
within a 24-h period 
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Table 2-4 Green roof seasonal rainfall retention 
Reference Winter Spring Summer Fall Test duration 
No. of 
rainfall 
events 
selected for 
analysis 
Soil layer 
depth (mm) Slope (degree) Comment 
Carson et al., 2013, 
W118 29% 44% 71% 21% 06/2011 – 06/2012 74 out of 83 32 
predominantly horizontal, with 
base slopes of < 1.2 degrees 
toward the rooftop drains 
The values were read off Figure 3 Carson et al., 2013, USPS 45% 60% 45% 43% 06/2011 – 06/2012 
108 out of 
113 
100 (200 in 
selected 
locations) 
Carson et al., 2013,  
ConEd 55% 41% 69% 75% 06/2011 – 04/2012 61 out of 74 100 
Carson et al., 2013, 
W118 47% 45% 46% 40% 
1971 – 2010 
4291 
historical 
precipitation 
records 
32 
 
A polynomial equation was created 
for each green roof based on the 
experimental rainfall and retention 
behaviour. These values were read 
off Figure 7 in that paper 
Carson et al., 2013, 
USPS 56% 54% 55% 48% 
100 (200 in 
selected 
locations) 
Carson et al., 2013,  
ConEd 61% 57.5% 57.5% 54% 100 
Speak et al., 2013 68% 72% 70% 52% 08/09/2011 – 12/10/2012, excluding 20/5/2012 – 06/06/2012 69 170 Not known  
Stovin et al., 2012 6.1% 76.2% 52.1% 35.3% 
27 months: 01/01/2007 – 31/05/2009, 
excluding 17/01/08 – 03/03/08 and 
17/03/08 – 1/04/08 
21 (return 
period >1 
year)  
80 1.5 It was a biased spread of events. 
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Table 2-5 Green roof annual rainfall retention  
Reference 
Overall 
annual 
retention 
Average 
annual 
retention 
Test duration No. of rainfall events selected for analysis 
Annual rainfall depth 
(mm) 
Soil layer depth 
(mm) Slope (degrees) Comment 
Carson et al., 2013, 
W118 36% 
 
06/2011 - 06/2012 74 out of 83 events 
Not known 
32 
predominantly horizontal, with 
base slopes of <1.15 degrees 
toward the rooftop drains 
 Carson et al., 2013, 
USPS 47% 06/2011 - 06/2012 108 out of 113 events 
100 (200 in 
selected locations) 
Carson et al., 2013,  
ConEd 61% 06/2011 - 04/2012 61 out of 74 events 100 
Carson et al., 2013, 
W118 37-52% 
1971 – 2010 
4291 historical 
precipitation records in 
40-historic years 
32 
 
a polynomial equation was created 
for each roof based on the 
experimental rainfall and retention 
behaviour 
Carson et al., 2013, 
USPS 45-62% 
100 (200 in 
selected locations) 
Carson et al., 2013,  
ConEd 49-65% 100 
Palla et al., 2012  74.6% 05/2007 – 07/2008 32 
925.4 (total depth of 
the selected 
precipitation events) 
200 0  
Stovin et al., 2012 50.2%  
27 months (01/01/2007 
-  31/05/2009, 
excluding 17/01/08 - 
03/03/08 and 17/03/08 - 
1/04/08) 
Not known, but rained 
1892.2 mm, and 
retained 949.4 mm 
rainfall during the test 
period 
1892.2 80 1.5  
Hathaway et al., 
2008  WCC green 
roof 
64%  04/03 – 06/04, excluding 03/04 Not known 1270 75 0 
Retention values were inconsistent 
in Table 1 in the paper 
Getter et al., 2007 
85.2%±15.9% 
 
26/04/2005 - 01/09/ 
2006, analysis was 
limited to dates 
26/04//2005 – 
22/11/2005 and 
12/04/2006 and 
01/09/2006. 
Each roof experienced 
62 rainfall events Not known 
60 
 1.15 
The water retention fabric and soil 
together had potential retention 
capacity of 12.0 mm.  
82.2%±18.3% 60 4 
78.0%±21.0% 60 8.53 
75.3%±22.3% 60 14.04 
Carter & 
Rassmussen, 2006 62.5% 77.2% 
13 months: 1/11/2003-
30/11/2004 31 107.9 76.2 < 2  
Berndtsson et al., 
2006 49%  
01/08/2001 – 
31/07/2002  719 30 1.5  
VanWoert et al., 
2005, experiment 1 60.6%  
14 months: 28/08/2002-
21/10/2003 
Each green roof 
experienced 83 rainfall 
events 
556 
25 1.15 
 VanWoert et al., 
2005, experiment 2 
69.8% 
 
25 1.15 
70.7% 40 1.15 
65.9% 40 3.72 
68.1% 60 3.72 
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Table 2-6 Green roof peak flow rate reduction 
Reference 
Minimum 
peak flow 
reduction 
Maximum 
peak flow 
reduction 
Median peak 
flow reduction 
Averaged Peak 
flow reduction Definition 
DeNardo et al., 2005 21.2% 100% 31.8% 44.3% 
Peak rainfall intensity  Peak discharge 100%
Peak rainfall intensity
 
 
Hathaway et al., 2008    77%    88% 
Hilten et al.,2008 0.4% 100% 54.7% 48.8% 
Stovin et al.,2012 19.8% 99.9% 58.7% 59.2% 
Carter and Rasmussen, 
2006 -5.7% 100% 66.7% 55.6% Calculated as the percentage difference between the 
outflow peaks of the green roof and the reference 
impervious surface. 
Bliss et al.,2009 -5% 71% 29% 30.5% 
Palla et al.,2010 44% 100% 89% 83.3% 
Palla et al.,2012 43% 100% 98.7% 91.1% 
 
Table 2-7 Green roof runoff delay  
Reference Minimum delay(min) 
Maximum 
delay(min) 
Median 
delay(min) 
Average 
delay(min) Definition 
Carter and Rasmussen, 
2006 - 66.4 183.1 23.2 34.9 Determined as the difference in time between the 
hydrograph (the rate of discharge versus time past a 
specific point) and hyetograph (rainfall intensity 
versus time) centroids 
Palla et al., 2010 71 1716 150 310 
Palla et al., 2012 79 2531 427 602.4 
Stovin et al., 2012 4.5 261.3 75.4 87.7 
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2.2.2 Stormwater runoff quality improvements 
Stormwater in urban areas usually contains elevated levels of anthropogenic pollutants, 
including pesticides, nutrients, and heavy metals. This stormwater contributes to the 
degradation of surface water, seepage water and ground water (Gobel et al., 2007, Hathaway 
et al., 2008). Highly-persistent heavy metals, even in low environmental concentrations, are 
toxic to aquatic flora and fauna (Pizzol et al., 2011). When water bodies are already nutrient-
rich, discharging urban surface waters can result in eutrophication (Ellis and Mitchell, 2006). 
High enough concentrations of these elements entering drinking water can harm human 
health. The consequences with regards to human health when intake excessive amount of 
those elements can be found on the United States Environmental Protection Agency webpage 
(United States Environmental Protection Agency, 2014).      
The poor stormwater quality is attributed significantly to nonpoint sources (United States 
Environmental Protection Agency, 2009). Nonpoint sources refer to discharges that are not 
from an obvious single source, but are distributed (Naidu et al., 2008). Nonpoint source 
pollution is caused by rainfall, soil infiltration and surface runoff bringing potentially-harmful 
substances into surface waters and groundwaters (The Foundation for Water Research, 2010). 
Stormwater runoff on its way to receiving water bodies picks up particulate matter and 
dissolved substances that has been accumulated on impermeable roads and rooftops (Lye, 
2009). Conventional impervious rooftops contribute to the deterioration of stormwater runoff 
quality in urban areas and, because of this, are included among nonpoint pollutant sources 
(Chang et al., 2004). Rooftops negatively impact on stormwater runoff quality because they 
accumulate pollutants through dry and wet depositions, and the roofing materials weather 
over time. 
Dry atmospheric deposition is defined as “the direct transfer of dust, aerosol and gas from 
the atmosphere to the ground and plant surfaces” (Georgij et al., 1983 cited in Gobel et al., 
2007). Particles accumulated on the surfaces are then washed into waterways as a 
concentrated injection of pollutants, which is called the first flush. Wet atmospheric 
deposition is rain, snow, fog, dew and frost containing substances collected in the atmosphere. 
Rainwater often contains major ions in measurable concentrations such as sulphates (SO42-), 
chloride (Cl–), ammonium (NH4+), nitrates (NO3–) and phosphates (PO43-) (Gobel et al., 2007). 
On rooftops, it is possible to find dry and wet deposited air pollutants such as heavy metals, 
sulphur dioxide (SO2) and nitrogen oxides (NOx) (Fowler et al., 2007, Gobel et al., 2007); 
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airborne dusts from vehicular traffic, industrial activities, coal-burning power plants, 
incinerators, and construction (Robertson et al., 2003, Gobel et al., 2007, Landing et al., 2010, 
Zobrist et al., 2000); and Cl– from road de-icing salt and from ocean (Lundmark and Olofsson, 
2007). The heavy metals originate from the application of pesticides and fertilizers; emissions 
and residues from municipal waste incineration plants, combustion power plants, 
metalliferous mines, smelting industries, cement industry, and glass industry; and vehicle use 
(Gobel et al., 2007, Singh et al., 2011). SO2 and NOx from burning coal and oil for generating 
power become sulfuric acid and nitric acid, respectively, which lower the pH value of rain 
water (Cohen, 1990, Ellison and Waller, 1978). Acid rain tends to dissolve heavy metals such 
as lead (Pb), zinc (Zn), copper (Cu), cadmium (Cd), nickel (Ni) and chromium (Cr) (Gobel et 
al., 2007). Hathaway et al. (2008) stated that the main pollutant sources on green roofs are 
wet and dry atmospheric depositions. Atmospheric deposition accounts for much of the 
nitrogen (N) and phosphorus (P) in the stormwater runoff (Hathaway et al., 2008).  
Roofs themselves, through weathering, are potential contributors of pollutants depending on 
what materials are used for roofing – roofing membrane, tars, adhesives, drainpipes, guttering, 
etc. (Alsup et al., 2011). Cu, Zn, aluminium (Al), Pb and other metals are often the materials 
for roof covering, gutters and down pipes. Heavy metals are released as corrosion products of 
these materials, and the corrosion processes are enhanced by the acidic rainwater (Gobel et al., 
2007). Stormwater runoff from these metallic roofs contains Zn with concentrations 
from >1000 to > 16,000 µg/L and Cu with concentrations from >150 to > 2,500 µg/L. Other 
roofing materials, such as plastic, polyester, shingle and tile, have often generated elevated 
concentrations of Pb, Zn, Cd, iron (Fe), and manganese (Mn) in the roof runoff  (Kabir et al., 
2014, Chang et al., 2004, Förster, 1996, Gnecco et al., 2005, Mason et al., 1999, Schriewer et 
al., 2008). 
Green roofs, either extensive or intensive, are installed increasingly in urban areas. They are 
expected to reduce the urban runoff pollution (ENGLISH NATURE, 2003) by absorbing and 
filtering dry and wet atmospheric depositions through the engineered soil layers (Czemiel 
Berndtsson et al., 2006). Another reason for this expectation is that it is often assumed that 
green roofs and conventional roofs produce pollutants with the same concentrations (Czemiel 
Berndtsson et al., 2009), and green roofs usually retain more annual precipitation than 
conventional roofs do due to soil porosity, storage capacity of other system components, and 
evapotranspiration (Getter et al., 2007, Bengtsson et al., 2005). Therefore, annual pollutant 
load produced on green roofs is less than that produced on conventional roofs. However, 
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green roofs could produce runoffs with higher pollutant concentrations than these contained 
in runoffs from conventional roofs (Czemiel Berndtsson et al., 2006, Emilsson et al., 2007, 
Moran et al., 2005) by leaching pollutants (nutrients, heavy metals, and suspended solids) 
from the soil, construction materials, plants and fertilizers (Teemusk and Mander, 2007).  
In fact, little is known about the influence of green roofs on the stormwater runoff quality 
(Czemiel Berndtsson et al., 2006). With the increase in the interest in green roofs, a wide 
range of substrates are considered to be used on the roofs. Some of the substrate materials are 
derived from recycled waste substances, some are proprietary materials, and others are 
custom blends. Therefore, the chemical composition and leaching behaviour of these soils are 
not characterized (Alsup et al., 2011). Increasing substrate depth could increase retention 
time of solutes within the green roof, providing greater opportunities for them to be sorbed to 
or react with the soil, and reduce the elements’ mobility (Johnston and Newton, 1993). Plant 
roots can also retard the leaching of pollutants which have been proven in some studies 
(Czemiel Berndtsson et al., 2006, Czemiel Berndtsson et al., 2009, DeNardo et al., 2005). 
Alternatively, deeper substrates may worsen the stormwater runoff quality if they are sources 
of pollutants (Alsup et al., 2010). What makes soil leaching behaviour more complicated is 
that the chemico-physical conditions of soils may vary over time, which affect the 
absorptivity of pollutants such as causing retained heavy metals to be release into the outflow 
(Czemiel Berndtsson et al., 2006). 
In order to encourage flowering of the plants and to achieve a desired dense vegetation cover, 
green roofs are often fertilized with encapsulated controlled release fertilizers (CRF), which 
are designed to release nutrients at a similar pace to the need of nutrients by the plants; and 
with easily dissolved conventional fertilizers, which have a more direct effect on vegetation 
and are at lower prices (Emilsson et al., 2007). Hence, fertilizer can be leached to add more 
nutrients to stormwater runoff.  
Other factors affecting the pollutant release from green roofs are evapotranspiration, time and 
vegetation. During periods of high evapotranspiration, pollutants in the retained rainwater 
may precipitate in the vegetated roof, but are then released upon the arrival of the following 
rain events (Czemiel Berndtsson et al., 2006). In some cases, green roofs maybe the sources 
for nutrients and heavy metals in first years and after fertilisation, they may not be 
problematic in the future. Plants may produce some organic pollutants, but they can sequester, 
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phytoestract, or phytostabilize some fractions of pollutants that were to be released from the 
green roof systems (Alsup et al., 2010).  
To understand the role played by green roofs as sources or sinks of stormwater pollutants has 
been the goal of recent research (Alsup et al., 2010). Among the literature, plot-scale (e.g. 
Alsup et al., 2010 , Alsup et al., 2011, and Vijayaraghavan et al., 2012) and full-scale green 
roofs (e.g. Czemiel Berndtsson et al., 2009, Gregoire and Clausen, 2011, and Gnecco et al., 
2013) exposed to natural weather conditions, and greenhouse plot-scale green roofs 
(Emilsson et al., 2007) have been used to assess the impact of green roofs on stormwater 
runoff quality. These test green roofs were different in design, age, location and fertilizer 
application amount and frequency. Authors tended to present pollutant measurements in 
different units. Some authors presented their results in mass (e.g. Emilsson et al., 2007,  
Hathaway et al., 2008, and Gregoire and Clausen, 2011), some used concentrations (e.g. 
Teemusk and Mander, 2007, Gnecco et al., 2013, and Razzaghmanesh et al., 2014), some 
used logarithm of the concentration (log(µg/L)) (Emilsson et al., 2007) and others gave green 
roof runoff pollutant concentrations as a percentage of these presented in incoming water 
(Speak et al., 2014). Depending on specific goals set in each project, the authors compared 
green roof runoff quality with water quality of different sources. Vijayaraghavan et al. (2012) 
compared water quality concentrations of the precipitation, the concrete roof runoff, the green 
roof runoff, the green roof without vegetation runoff and the green roofs with different design 
runoff. Bliss et al. (2009) compared the extensive green roof runoff with the conventional 
ballasted membrane roof runoff. Alsup et al. (2010) compared runoff quality obtained from 
seven green roofs with different substrate compositions. Physico-chemical parameters, sum 
parameters, nutrients, metals, and metal ions were usually used to assess the quality of water 
in the literature. However, the set of parameters chosen to represent the quality of the 
incoming water (either rainfall or local utility water), and the green roof runoff in each 
experiment in the literature were not the same. Table 2-8 lists water quality parameters 
assessed in each reviewed paper.  
Despite all the inconsistencies in the presentation of experiment results, the majority of the 
papers did present the concentrations of pollutants contained in the runoff of the green roofs 
and in the incoming water. The experimental results of pollutant concentrations contained in 
the green roof runoffs and in the coming water were collected to investigate the effectiveness 
of green roofs in urban runoff water quality improvement. Some of the results were read off 
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Table 2-8 Water quality parameters assessed in each paper (indicated by green cells) in the 
literature  
1 2 3 4 5 6 7 8 9 10 11 12 13 
pH Y Y Y Y Y Y Y 
EC Y Y Y Y 
Turbidity Y Y 
Salinity Y 
TDS Y Y 
TSS Y 
DOC Y Y 
COD Y Y Y 
BOD7 Y 
NO2– Y 
NO3− Y Y Y Y Y Y Y 
NO3–  + NO2– Y Y 
NH3 Y Y 
NH4+ Y Y Y Y Y 
TNK Y Y 
N_org Y 
Tot-N Y Y Y Y Y Y Y 
PO43− Y Y Y Y Y Y Y Y Y 
Tot-P Y Y Y Y Y Y Y 
SO₄²¯ Y Y Y Y 
Cl¯ Y Y Y 
F¯          Y    
Al Y 
B y 
Cd Y Y Y Y Y Y Y 
Cu Y Y Y Y Y 
Cr Y Y Y Y 
Ca Y 
Co Y 
Fe Y Y Y Y Y 
Hg Y 
K Y Y Y 
Li Y 
Mg Y Y 
Mn Y Y Y Y 
Mo Y 
Mg 
Ni Y Y Y 
Na Y 
Pb Y Y Y Y Y Y Y 
Zn Y Y Y Y Y Y Y 
Dissolved Br Y 
Dissolved Ca Y Y Y 
Dissolved Cd Y Y Y Y 
Dissolved Cr Y Y Y 
Dissolved Cu Y Y Y Y 
Dissolved Fe Y Y Y 
Dissolved Hg         Y     
Dissolved K Y Y Y Y 
Dissolved Mn Y Y Y 
Dissolved Mg Y 
Dissolved Pb Y Y Y Y 
Dissolved Zn Y Y Y Y Y 
Dissolved Ni Y 
1. Berndtsson et al., 2006 
2. Teemusk and Mander, 2007 
3. Emilsson et al., 2007 
4. Hathaway et al., 2008 
5. Bliss et al., 2009 
6. Berndtsson et al., 2009 
7. Alsup et al., 2010 
8. Alsup et al., 2011 
9. Gregoire and Clausen, 2011 
10. Vijayaraghavan et al., 2012 
11. Gnecco et al., 2013 
12. Razzaghmanesh et al., 2014 
13.Speak et al.,2014 
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figures (values underlined in Table 2-9 to Table 2-26) to maximize the data collection and 
improve the reliability of findings. The green roofs may retain detrimental elements presented 
in the incoming water, deteriorate the incoming water or may not have any effect. If the 
concentration of an element in the green roof outflow was higher than that in the incoming 
water, the green roof is said to be a source. Conversely, the green roof is said to be a sink.  
For several reasons, the green roof runoff quality results from different references cannot be 
compared directly. Firstly, the incoming water in each test contained the pollutant elements 
with different concentrations. It may result in that more polluted rainwater generated more 
polluted green roof runoff compared with less polluted rainwater generated green roof runoff 
when other test variables were controlled. Secondly, in most cases, the runoff water samples 
were collected in different ways. For example, Bliss et al. (2009) collected samples after 5, 
10, 15, 30, 45 and 60 cubic feet of runoff had flowed from the green roof; whereas 
Vijayaraghavan et al. (2012) collected water samples in 50-L plastic cans once the runoff 
started at different rainfall events. Thirdly, as mentioned above, authors tended to present 
results with different units. For these reasons, water quality data of the green roof runoff were 
only compared with those presented in the corresponding incoming rainfall or utility water. 
 
pH 
Several research teams measured pH of the green roof runoff and the incoming water. Table 
2-9 shows these measured pH values in each experiment. They were averaged values in each 
paper. The green roofs increased pH some units during the incoming water passage through 
them from 3.78-6.4 to 6.25-7.95. This indicates rapid neutralization of acid depositions. This 
is an environmental benefit in case of roof runoff is directly discharged to natural water 
recipients (Czemiel Berndtsson et al., 2009). Vijayaraghavan et al.’s (2012) experiment 
showed that Singapore’s rain was the most acidic among the rainfall events recorded in the 
literature, with the pH value of 3.78. With the help of their pilot-scale green roof, the runoff 
had increased pH value of 7.16. Water with pH value that is too high or too low will cause 
the death of aquatic organisms living within it. The range of pH values suitable for aquatic 
creatures is 6.5 – 9.0 (Kemker, 2013). In this regard, green roofs are considered advantageous.  
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Table 2-9 pH values of the green roof runoffs and the incoming water   
pH [-] 
 
Teemusk and 
Mander, 2007 
Berndtsson et al., 
2009 Bliss et al., 2009 
Vijayaraghavan 
et al., 2012 
Gnecco et 
al., 2013 (Sweden) (Japan) 
Green 
roof 7.90 6.25 7.60 7.95 7.49 7.16 7.10 
Incoming 
water 5.62 6.00 5.00 6.40 
7.40 
(utility) 3.78 5.30 
 
Conductivity, Salinity, Total dissolved solids (TDS) 
Conductivity, salinity and TDS found in the green roof runoffs and the incoming water are 
tabulated in Table 2-10. Kemker (2014a) stated that water pollution can be indicated by a 
sudden increase or decrease in conductivity. Runoff from agricultural fields or leaks from 
sewer lines increase conductivity because of the additional  Cl–, PO43– and NO2– (Kemker, 
2014a). Vijayaraghavan et al. (2012) and Gnecco et al. (2013) used conductivity as one of the 
water quality indicators. Their green roofs all increased conductivity, indicating the runoff 
from the green roofs was more polluted than the incoming water. Salinity is important 
because it influences oxygen solubility in water. Higher level of salinity lowers the 
concentration of dissolved oxygen. The green roof of Vijayaraghavan et al. (2012) increased 
salinity 5 times more than that of the incoming precipitation and 2.4 times more than that of 
the incoming utility water. TDS includes all ion particles that are able to pass through a filter 
with pores of 2 µm. Included in TDS are all of the electrolytes that are disassociated which 
make up the concentrations of salinity, and many other compounds (e.g. dissolved organic 
matter). Excessive TDS, depending on the ionic properties, can be harmful to fish and fish 
eggs. Gnecco et al.’s (2013) green roof increased TDS concentration 5.8 times.  
 
Table 2-10 Conductivity, salinity and TDS of the green roof runoffs and the incoming water 
  
Vijayaraghavan et al., 
2012 Gnecco et al., 2013 
Vijayaraghavan et al., 
2012 
Gnecco et al.,  
2013 
 Conductivity [μS/cm] Salinity TDS [mg/l] 
Green roof 304.49 344.59 63.50 0.13 0.15 99.00 
Incoming 
water 
134.3 
(utility) 79.78 22.00 
0.055 
(utility) 0.03 17.20 
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Total Suspended Solids (TSS) and Turbidity 
TSS includes solids that are larger than 2 µm exist in a body of water, anything drifting or 
floating in the water. They can be sediment, silt and sand, inorganic materials as well as 
organic matter (e.g. algae, plankton, and decomposed organic matter). TSS is a quantity 
measurement by mass per volume. Higher TSS increases water temperatures and decreases 
oxygen solubility (Kemker, 2014b).  
Turbidity determines water clarity by way of observation. It can be a result of suspended 
sediment, and inorganic and organic materials. It is affected by coloured dissolved organic 
materials, but does not include any settled solids. TSS measurement includes settleable solids 
but does not include coloured dissolved organic matter. The most visible indicators of water 
quality are TSS and turbidity (Kemker, 2014b). Table 2-11 contains TSS and turbidity 
measurements of the green roof runoff and the incoming water. Gnecco et al.’s (2013) green 
roof decreased TSS from 2.9 mg/l in the incoming rain to 2.6 mg/l in the green roof outflow. 
Since only Gnecco et al. measured TSS and it was a relatively small reduction of 10%, more 
green roofs need to be tested to assess their impacts on TSS. Bliss et al. (2009) was the only 
group that measured turbidity among the reviewed papers. Their green roof increased 
turbidity approximately 5 times of that in the incoming precipitation.  
 
Table 2-11 TSS and Turbidity of the green roof runoffs and the incoming water 
Gnecco et al., 2013 Bliss et al., 2009 
TSS [mg/l] Turbidity(NTU) 
Green roof 2.60 6.62 
Incoming water 2.90 1.30 
 
 
Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD) and Dissolved 
Organic Carbon (DOC) 
According to NatureClean (2015), water-borne bacteria feed on natural organic detritus, 
organic waste, failing septic systems, and agricultural and urban runoffs. Dissolved oxygen 
(DO) is needed for the bacteria to decompose these organic materials; therefore DO available 
to living organisms in the water is reduced (NatureClean, 2015). BOD is the measure of the 
quantity of oxygen required by bacteria to decompose biodegradable organic matter exists in 
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a water sample through aerobic biochemical action (Ramalho, 1977). Brown and Caldwell 
(2001) defines COD as the total quantity of oxygen demanded by bacteria to oxidize all 
organic materials, biologically available or inert organic matter. COD values are always 
greater than BOD values (Brown and Caldwell, 2001). DOC is the organic matter that passes 
through a filter ranging in size from 0.7 to 0.22 µm (Bruckner, 2012).  
Table 2-12 tabulates COD, BOD and DOC values collected from the reviewed literature. 
Several authors measured COD of the green roof runoff and the incoming water. In all cases, 
the green roofs increased COD, ranging from 2.64 times to 12.6 times of the COD of the 
incoming water. It was the filtered sample of the runoff from the extensive green roof in Bliss 
et al’s (2009) experiment had COD 12.6 times higher than the COD of the filtered sample of 
the incoming water. 
Teemusk and Mander (2007) measured 7-day BOD (BOD7). Their green roof increased COD 
from 4 mgO/L to 21.5 mgO/l, while it decreased BOD7 from 2.9 mgO/l to 2.3 mgO/l. This 
means that the samples of the green roof runoff contained the organic matter that were mainly 
not biologically available.  
Berndtsson et al.’s (2009) research consisted of an extensive green roof in Sweden and an 
intensive green roof in Japan. Both roofs increased DOC values with the extensive one 
increased 16.8 times and the intensive one increased 3.8 times. 
 
 
Table 2-12 COD, BOD7 and DOC of the green roof runoffs and the incoming water 
 
Teemusk and 
Mander, 2007 
Bliss et al., 2009 Gnecco et 
al., 2013 
Teemusk and 
Mander, 2007 
Berndtsson et al., 
2009 
unfiltered 
sample 
filtered 
sample Sweden Japan 
 COD (mgO/L ) BOD7 (mgO/L ) DOC (mg/L) 
Green roof 21.50 32.78 16.38 18.10 2.30 42.00 9.50 
Incoming 
water 4.00 12.40 1.30 2.60 2.90 2.50 2.50 
 
Nutrients – nitrogen, phosphorus and potassium 
Forms of nitrogen represented water quality in the reviewed literature were nitrate (NO3–), 
NO2– + NO3–, ammonia (NH3), NH4+, TNK (Total Kjeldahl nitrogen = NH3 + organically 
bonded nitrogen), N-Org (organic nitrogen), and Tot-N (total nitrogen). Table 2-13, Table 
2-14 and Table 2-15 contain the concentrations of these forms of nitrogen collected from the 
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reviewed literature. Some test green roofs acted as sources for NO3–, others acted as sinks for 
this. The extensive green roofs in Study 1, Study 3 and at Canoe Club House in Study 2 of 
Czemiel Berndtsson et al. (2006) reduced the concentration of NO3–. Similarly, the green 
roofs of Czemiel Berndtsson et al. (2009), Vijayaraghavan et al. (2012) and Speak et al. 
(2014) decreased the concentration of NO3–. Conversely, the green roofs of Emilsson et al. 
(2007), and Teemusk and Mander (2007) increased the concentration of NO3–. In Gregoire 
and Clausen’s (2011) investigation, NO2– and NO3– were given as a sum concentration, 
which was increased by the green roof.  
Similar to NO3–, the green roofs’ impact on the concentration of NH4+  was not consistent. 
The green roofs in Studies 1 and 2 of Czemiel Berndtsson et al. (2006) and of Czemiel 
Berndtsson et al. (2009) acted as sinks for NH4+. The green roofs in Study 3 of Czemiel 
Berndtsson et al. (2006), and of Teemusk and Mander (2007), and Emilsson et al. (2007) 
acted as sources for NH4+. It is worth of noting that Study 1 and Study 3 of Czemiel 
Berndtsson et al. (2006) basically used the same green roofs to conduct the tests. However, 
the green roofs in Study 1 acted as sinks for NH4+, but the roofs in Study 3 acted as sources 
for NH4+. Gregoire and Clausen’s (2011) green roof acted as a sink for NH3 and TKN. With 
regard to Tot-N, about 46% of the green roofs acted as sources, and 54% of the green roofs 
acted as sinks.  
Forms of phosphorus represented water quality in the reviewed literature were PO43–, and 
Tot-P (total phosphorus). All of the green roofs which were assessed on their impact on PO43– 
acted as sources, except for the green roofs of Gregoire and Clausen’s (2011) and Speak et 
al.’s (2014). The concentrations of Tot-P in the green roof outflows were all increased, except 
for the outflow from the intensive green roof in Japan (Czemiel Berndtsson et al., 2009) 
where the two green roof sections on average decreased the concentration of Tot-P from 0.02 
mg/L in precipitation to 0.01 mg/L in the outflows.  
Forms of potassium used to assess the quality of the incoming water and the green roof 
outflows were dissolved potassium (mainly K+) and total potassium. The experimental green 
roofs of Czemiel Berndtsson et al. (2006), Vijayaraghavan et al. (2012) and Gnecco et al. 
(2013) all increased the concentration of total potassium. In terms of dissolved potassium, the 
green roofs of Emilsson et al. (2007) and Czemiel Berndtsson et al. (2009) increased the 
concentration manyfold.  
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Table 2-13  NO3–, and NO2–+ NO3– in the green roof runoffs and the incoming water  
 
Berndtsson et al., 2006 Teemusk 
and 
Mander, 
2007 
Emilsson et al., 2007 Berndtsson et al., 2009 Vijayaraghavan 
et al., 2012 
Speak et al., 
2014 (outflow 
flux/inflow 
flux) % 
Gregoire and Clausen, 
2011, Geometric 
mean Study 1 Study 2 Canoe 
Study 2 
Lund Study 3 
Vegetated 
mat 
(log(µg/l)) 
Shoot 
(log(µg/l)) Sweden Japan 
 NO3– (mg/l) NO2–+ NO3– (mg/l) 
Green roof 0.20 0.00 0.21 1.41 0.44 1.82 4.15 0.10 0.04 3.42 0.41 
40.60 
0.37 
Incoming 
water 0.50 0.60 0.20 
1.69 
(utility) 0.18 
Distilled 
water 
Distilled 
water 1.00 1.13 
3.90 
(utility) 1.35 0.27 
 
Table 2-14  NH4+, NH3, and TKN in the green roof runoffs and the incoming water 
 
Berndtsson et al., 2006 Teemusk 
and 
Mander, 
2007 
Emilsson et al., 2007 Berndtsson et al., 2009 Gregoire  and 
Clausen, 2011, 
Geometric mean 
Gregoire and 
Clausen, 2011, 
Geometric mean Study 1 Study 2 Canoe 
Study 2 
Lund Study 3 
Vegetated 
mat 
(log(µg/l)) 
Shoot 
(log(µg/l)) Sweden Japan 
 NH4+ (mg/l) NH3 (mg/l) TKN (mg/L) 
Green roof 0.05 0.00 0.07 0.24 0.14 1.47 1.52 0.10 0.23 0.023 0.11 
Incoming 
water 0.79 0.75 0.20 
0 
(utility) <0.015 
Distilled 
water 
Distilled 
water 1.10 1.10 0.101 0.23 
 
Table 2-15 Tot-N in the green roof runoffs and the incoming water 
Tot-N 
(mg/L) 
 
Berndtsson et al., 2006 Teemusk 
and 
Mander, 
2007 
Emilsson et al., 2007 
Hathaway 
et al., 2008 
Berndtsson et 
al., 2009 Bliss et al., 2009 
Gregoire  
and 
Clausen, 
2011, 
Geometric 
mean 
Study 
1 
Study 
2 
Canoe 
Study 
2 Lund Study 3 
Vegetated 
mat 
(log(µg/l)) 
Shoot 
(log(µg/l)) Sweden Japan 
unfiltered 
samples 
filtered 
samples 
Green 
roof 1.89 0.75 1.08 3.91 1.25 3.47 4.32 3.91 2.30 1.55 
0.00 (no 
measurable 
nitrogen) 
0.00 0.49 
Incoming 
water 1.1 1.25 0.50 
1.90 
(utility) 1.30 
Distilled 
water 
Distilled 
water 0.80 2.65 2.25 0.10 1.20 0.51 
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Table 2-16  PO43– in the green roof runoffs and the incoming water 
PO4-P 
(mg/l) 
 
Berndtsson et al., 2006 Teemusk 
and 
Mander, 
2007 
Emilsson  et al., 2007 Berndtsson et al., 2009 Gregoire and 
Clausen, 2011, 
Geometric mean 
Vijayaraghavan 
et al., 2012 
Speak et al., 
2014 Study 
1 
Study 
2  
Canoe 
Study 
2 Lund 
Study 
3 
Vegetated 
mat 
(log(µg/l)) 
Shoot 
(log(µg/l)) Sweden Japan 
Green 
roof 0.29 0.20 0.70 0.39 0.05 2.09 1.75 0.28 0.00 0.025 50.67 26.02 20 (outflow flux/inflow 
flux) % Incoming water 0.00 0.00 0.00 
0.03 
(utility) 0.004 
Distilled 
water 
Distilled 
water 0.03 0.01 0.004 
24.40 
(utility) 3.68 
 
Table 2-17 Tot-P in the green roof runoffs and the incoming water 
Tot-P 
(mg/l) 
 
Berndtsson et al., 2006 Teemusk 
and 
Mander, 
2007 
Emilsson et al., 2007 
Hathaway et 
al., 2008 
Berndtsson et al., 
2009 Bliss et al., 2009 
Gregoire  
and Clausen, 
2011, 
Geometric 
mean 
Study 1 Study 2 Canoe 
Study 2 
Lund Study 3 
Vegetated 
mat 
(log(µg/l)) 
Shoot 
(log(µg/l)) Sweden Japan 
(unfiltered 
samples) 
(filtered 
samples) 
Green 
roof 0.94 0.2 0.82 0.66 0.08 2.60 2.81 1.03 0.32 0.01 1.75 0.68 0.043 
Incoming 
water 0.00 0.00 0.00 
0.03 
(utility) 0.01 
Distilled 
water 
Distilled 
water 0.05 0.05 0.02 0.00 0.00 0.007 
 
Table 2-18 Total K and dissolved K in the green roof runoffs and the incoming water 
K 
(mg/l) 
 Berndtsson et al., 2006 Vijayaraghavan et 
al., 2012 
Gnecco et 
al., 2013 
Emilsson et al., 2007 Berndtsson et al., 2009 
Study 
1 
Study 2 
Canoe 
Study 2 
Lund 
Vegetated mat 
(log(µg/l)) 
Shoot 
(log(µg/l)) Sweden Japan 
Total Dissolved 
Green 
roof 5.69 4.00 5.40 46.21 38.04 3.23 4.18 3.95 3.15 5.05 
Incoming 
water 0.00 0.00 0.00 
5.20 
(utility) 9.20 0.53 Distilled water 
Distilled 
water 0.50 0.90 
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Metals  
Total metals used to assess water quality of both the green roof runoff and the incoming 
water in the literature were Cr, Cu, Mn, Pb, Zn, mercury (Hg), Al, calcium (Ca), Fe, lithium 
(Li), magnesium (Mg), and sodium (Na). Table 2-19, Table 2-20, Table 2-21 and Table 2-22 
contain the concentrations of these total metals measured in the incoming water and green 
roof outflows. Cr concentration in the water investigated by Czemiel Berndtsson et al. (2006) 
showed that the green roofs acted as minor sources. With regard to Cu, the green roofs listed 
in Table 2-19 acted as sources, as well as sinks. In particular, the vegetated roofs at Canoe 
club in Study 2 of Czemiel Berndtsson et al. (2006), the green roof of Gregoire and Clausen 
(2011), and the green roof in the rainwater experiment of Vijayaraghavan et al. (2012) were 
substantial sources of Cu. It is interesting to note that the same test green roof was subjected 
to real rain and utility water produced opposite results (Vijayaraghavan et al., 2012). The 
green roof slightly decreased the concentration of total Cu when subjected to utility water, 
and increased from ‘not detected’ to 0.43 mg/l when subjected to rainwater.  
With regard to total Fe, Mn, and Pb (Table 2-20), there were no general agreements on 
whether the green roofs behaved as sinks or sources. The vegetated roof at Canoe club in 
Study 2 (Czemiel Berndtsson et al., 2006) acted as a sink for these metals, whereas other 
green roofs acted as sources of these metals.  
Table 2-21 presents the concentrations of total Zn, and Hg contained in the outflows of green 
roofs and in the incoming water that were assembled from the literature. The green roofs in 
Study 1 and Study 2 at Lund of Czemiel Berndtsson et al. (2006), and of Vijayaraghavan et al. 
(2012) subjected real rain released some total Zn. The green roofs in Study 3 of Czemiel 
Berndtsson et al. (2006), and of Gregoire and Clausen (2011) absorbed some total Zn. The 
green roof in Study 2 at Canoe of Czemiel Berndtsson et al. (2006) did not have any impact 
on total Zn concentration. Again in Czemiel Berndtsson’s (2006) study, similarly constructed 
green roofs at the same location acted as sources of Zn when subjected to real rain and acted 
as sinks of Zn when subjected to utility water. Gregoire and Clausen (2011) used total Hg as 
one of the water quality indicators, and their green roof decreased the concentration of total 
Hg.  
Vijayaraghavan et al. (2012) measured concentrations of other metals presented in the water 
inflows and the green roof outflows (Table 2-22). The green roof plot increased the 
concentrations of Al, Li, Mg and Na. In terms of Ca, the green roof plot subjected to utility 
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water decreased the concentration of Ca slightly, however when subjected to real rain, the 
green roof acted as a significant source of Ca.  
  
Dissolved metals 
Many dissolved metals were used to represent the quality of the incoming water and the 
green roof runoff. They were dissolved Ca, Cd, Cr, Cu, Fe, Mn, Pb, Zn, Hg, and Ni. The 
concentrations of these dissolved metals contained in the green roof runoffs and the incoming 
water collected from the reviewed papers are presented in Table 2-23, Table 2-24 and Table 
2-25. The green roofs of Czemiel Berndtsson et al. (2009) in Japan and of Gnecco et al. (2013) 
increased the concentration of dissolved Ca. The green roofs in Japan (Czemiel Berndtsson et 
al., 2009) did not deteriorate outflows in terms of dissolved Cd, dissolved Cr, and dissolved 
Cu. Bliss et al.’s (2009) green roof did not affect the concentration of dissolved Cd. Speak et 
al.’s (2014) green roof acted as a sink for dissolved Cd, dissolved Cr, and dissolved Cu. The 
green roofs of Czemiel Berndtsson et al. (2009) in Sweden, and of Gregoire and Clausen 
(2011) increased the concentration of dissolved Cu. Gnecco et al.’s (2013) green roof reduced 
the concentration of dissolved Cu, while increased the concentration of dissolved Fe. Other 
green roofs that were investigated on their impacts on dissolved Fe were not a concern. The 
green roofs tested by Speak et al. (2014) and Gnecco et al. (2013) decreased the 
concentration of dissolved Mn, while Czemiel Berndtsson et al.’s (2009) Sweden green roof 
increased the concentration. The green roofs that were assessed on their influence on 
dissolved Pb were not a concern, except for the green roof of Speak et al. (2014). The green 
roofs decreased dissolved Zn concentration except for Czemiel Berndtsson et al.’s (2009) 
Sweden green roof. Gregoire and Clausen’s (2011) green roof decreased the concentration of 
dissolved Hg. The green roof of Speak et al. (2014) behaved as a sink for dissolved Ni. 
 
Chloride, Fluoride, and sulfate 
Table 2-26 contains Cl–, fluoride (F–) and SO42– concentrations in the incoming water and the 
green roof outflows collected from the literature. The same green roof used in 
Vijayaraghavan et al.’s (2012) test behaved as a sink as well as a source for Cl–. It decreased 
the concentration of Cl– slightly when the incoming water was utility water, and increased the 
element’s concentration when subjected to precipitation which had lower concentration of Cl– 
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than the utility water. Speak et al. (2014) reported that their green roof was not a source of 
Cl–. The green roof of Vijayaraghavan et al. (2012) in both rain-simulation and real-rain 
experiments increased the concentration of F–, but with different increased amounts. In terms 
of SO42–, the three green roofs in Table 2-26 acted as sources, except for the green roof of 
Speak et al. (2014).   
In conclusion, an important benefit offered by the test green roofs was to rapidly neutralize 
acidic rainwater. However, other water quality indicators did not give positive results as to 
demonstrate green roofs do not deteriorate stormwater runoff. For some elements assessed, a 
few tests did show the green roofs reduced the concentrations, but at the same time the other 
green roofs increased the concentrations of the same elements. Despite all the reasons that 
caused pollutant concentration increase in the green roof outflows, without special care, green 
roofs can release harmful elements to the stormwater runoff. 
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Table 2-19 Total Cr and Cu in the green roof runoffs and the incoming water 
 
Berndtsson et al., 2006 Berndtsson et al., 2006 Gregoire and 
Clausen, 2011, 
Geometric mean 
Vijayaraghavan 
et al., 2012 
 Study 1 Study 2 Canoe 
Study 2  
Lund Study 3 Study 1 
Study 2 
Canoe
Study 2  
Lund Study 3 
 Cr (mg/l) Cu (mg/l) 
Green 
roof 0.00029 0 0.001 in most samples 
either 0 or 1 
µg/l 
0.01456 0.7 0 0.01818 0.006 (trimmed mean) 0.03 0.43 
Incoming 
water 0.00025 0 0.0008 0.0025 0 0 0.04998 
Cu was only detected 
in 27% of the 
precipitation samples 
0.037 
(utility) ND 
 
Table 2-20 Total Fe, Mn, and Pb in the green roof runoffs and the incoming water 
Berndtsson et al. 2006 Vijayaraghavan 
et al.2012 
Berndtsson et al. 2006
Total Study 1 
Study 2 
Canoe 
Study 2  
Lund Study 3 Study 1 
Study 2 
Canoe 
Study 2  
Lund Study 3 Study 1 
Study 2 
Canoe 
Study 2  
Lund Study 3 
 Fe (mg/l) Mn (mg/l) Pb (mg/l) 
Green 
roof 0.035 0.005 0.075 0.1875 0.03 0.06 0.00494 0 
0.0141
7 0.0138 0.00313 0.002 0.003 0.0052 
Incoming 
water 0.015 0.02 0.01 
0.07855 
(utility) 
ND 
(utility) ND 0.00125 0.001 0 
0.00283 
(utility) 0.003 0.003 0 
0 
(utility) 
 
Table 2-21 Total Zn, and Hg in the green roof runoffs and the incoming water 
 
Berndtsson et al., 2006 Gregoire and 
Clausen, 2011, 
Geometric mean 
Vijayaraghavan et al., 2012 Gregoire and Clausen, 2011, Geometric mean Study 1 Study 2 Canoe 
Study 2 
Lund Study 3 
 Zn (mg/l) Hg (mg/l) 
Green roof 0.03313 0.01 0.04833 0.02199 0.011 Not mentioned Considerable amount 4.00E-06 
Incoming 
water 0 0.01 0.0125 
0.05507 
(utility) 0.03 
0.021 
(utility) ND 5.00E-06 
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Table 2-22 Total Al, Ca, Li, Mg and Na in the green roof runoffs and the incoming water 
 
Vijayaraghavan et al., 2012 (mg/l) 
Al Ca Li Mg Na 
Green 
roof 0.16 0.18 19.95 32.95 
Significant 
amount 
Considerable 
amount 4.62 11.58 25.88 18.81 
Incoming 
water 
0.1 
(utility) ND 
20.4 
(utility) 0.49 
0.00E+00 
(utility) ND 
0.93 
(utility) 0.08 
10.9 
(utility) 1.3 
 
Table 2-23 Dissolved Ca, Cd, Cr and Cu in the green roof runoffs and the incoming water (BDL = below detection limit) 
 
Berndtsson 
et al., 2009 
Japan 
Gnecco 
et al., 
2013 
Berndtsson et al., 
2009 Bliss et al., 
2009 
Speak et 
al., 2014 
Berndtsson et al., 
2009 Speak et al., 
2014 
Berndtsson et al., 
2009 
Gregoire  
and 
Clausen, 
2011 
Speak et 
al., 2014 
Gnecco 
et al., 
2013 Sweden Japan Sweden Japan Sweden Japan 
Ca (mg/L) Cd (mg/L) Cr (mg/L) Cu (mg/L) 
Green 
roof 29.5 4.57 BDL BDL 0 
1.2 
(outflow 
flux/inflo
w flux) % 
BDL BDL 58.3 (outflow 
flux/inflow 
flux) % 
0.09 BDL 
0.006 
(trimmed 
mean) 
8.7 
(outflow 
flux/inflow 
flux) % 
 
0.038 
Incoming 
water 2 1.38 
Does not 
mention BDL 0 
Does not 
mention BDL 0 BDL – 0.046 
 
Table 2-24 Dissolved Fe, Mn and Pb in the green roof runoffs and the incoming water (BDL = below detection limit) 
 
Berndtsson et al., 
2009 Speak et al., 
2014 
Gnecco et 
al., 2013 
Berndtsson et 
al., 2009 Speak et al., 
2014 
Gnecco 
et al., 
2013 
Berndtsson et al., 
2009 Bliss et 
al., 2009 
Speak et al., 
2014 Sweden Japan Sweden Japan Sweden Japan 
 Fe (mg/L) Mn (mg/L) Pb (mg/L) 
Green roof 0.07 0.03 
39.4 (outflow 
flux/inflow 
flux) % 
0.132 0.06 BDL 21.4 
(outflow 
flux/inflow 
flux) % 
0.001 BDL 0.0015 0.033 345.9 
(outflow 
flux/inflow 
flux) % 
Incoming 
water 0.07 0.09 0.088 0.01 BDL 0.0021 
Does not 
mention 0.0090 0.400 
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Table 2-25 Dissolved Zn, Hg, and Ni in the green roof runoffs and the incoming water 
 
Berndtsson et al., 2009 Bliss et al., 2009 Gregoire and Clausen, 2011 Speak et al., 2014 
Gnecco et 
al., 2013 
Gregoire and 
Clausen, 2011 Speak et al., 2014  Sweden Japan 
 Zn (mg/L) Hg (mg/L) Ni (mg/L) 
Green roof 0.13 0.06 0.003 0.011 6.6 (outflow 
flux/inflow 
flux) % 
0.029 4.00E-06 11 (outflow 
flux/inflow 
flux) % 
Incoming 
water 0.03 0.11 0.02 0.029 0.071 5.00E-06 
 
 
Table 2-26 Cl–, F– and SO42– in the green roof runoffs and the incoming water 
 Vijayaraghavan et al., 2012 
Speak et al., 
2014 
Vijayaraghavan et al., 
2012 
Teemusk and 
Mander, 2007 
Bliss et al., 2009 Vijayaraghavan et 
al., 2012 
Speak et al., 
2014 unfiltered samples 
filtered 
samples 
 Cl– (mg/L) F– (mg/L) SO42–  (mg/l ) 
Green roof 17.8 12.92 79.9 
(outflow 
flux/inflow 
flux) % 
2.54 4.77 21.5 29.6 19 56.1 92.16 86.8 (outflow 
flux/inflow 
flux) % 
Incoming 
water 
18.8 
(utility) 8.78 
2.2 
(utility) 0.51 <1 4.2 8.4 
17.8 
(utility) 5.38 
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2.3 Hydrologic modelling of green infrastructure 
To understand various aspects associated with urban stormwater, researchers and 
professionals have been using stormwater management modelling tools extensively 
(Jayasooriya and Ng, 2014). Software tools have been used for modelling urban stormwater 
quantity since the mid-1960s and models that are able to simulate stormwater quality and 
quantity started to emerge in the early 1970s (Zoppou, 2001). Components that can assess the 
effectiveness of GI practices were then incorporated into these models after the identification 
of GI practices being an important means for urban stormwater management. For most of 
these new models, the primary goal was to investigate the impact of GI practices on urban 
stormwater runoff quality and quantity (Jayasooriya and Ng, 2014).  
Zoppou (2001) summarized a number of mathematical models that simulate urban 
stormwater, and also introduced many existing urban stormwater modelling packages/tools 
that are capable of simulating urban stormwater quantity and quality. However, the modelling 
tools do not incorporate GI practices (Jayasooriya and Ng, 2014). Elliott and Trowsdale’s 
(2007) review focused on the ability of models to represent GI practices. They identified 
approximately 40 models for simulating urban stormwater from various sources, and selected 
10 models that were available and had not been superseded at the time of the review to 
discuss in depth their strengths and weaknesses of modelling GI in terms of stormwater 
quantity and quality. Ahiablame et al. (2012) investigated the effectiveness of GI for 
managing stormwater. They also discussed in details three different stormwater and GI 
modelling tools which addressed the quality and quantity of runoff. Jayasooriya and Ng 
(2014) reviewed 20 modelling tools that are able to simulate stormwater management and/or 
economics of GI practices. Ten models were then selected for detailed review due to their 
popularity among stormwater management professionals and had been widely used in 
research.  
From the hydrologic models reviewed by Elliott and Trowsdale (2007), Ahiablame et al. 
(2012) and Jayasooriya and Ng (2014), three models – SWMM, SUSTAIN, and L-THIA-LID 
– have been identified to be able to simulate hydrologic aspects of GI practices, are popular 
(depending on number of publications), and have updated versions with readily available 
information.  
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SWMM 
The U.S. Environmental Protection Agency’s (EPA) Storm Water Management Model 
(SWMM) has been a popular urban and non-urban storm water modelling tool among water 
resource professionals and researchers (Abi Aad et al., 2010, Gironás et al., 2010, Jang et al., 
2007, Khader and Montalto, 2008, Rossman, 2010). The public domain software which is 
known for its dynamic rainfall-runoff analysis is capable of simulating runoff quantity and 
quality from mainly urban areas (but with many applications in non-urban areas as well) in 
response to single event or long-term (continuous) precipitation input. SWMM was first 
developed in 1969-71 and has undergone major upgrades since then. The newest version is 
SWMM 5.0 (Rossman, 2010).  
According to Jayasooriya and Ng (2014), the model simulates stormwater runoff quantity 
through several physical hydrologic processes, including time-varying precipitation 
(historical or synthetic storms); accumulating and melting of snow; standing surface water 
and ground water evaporation; depression storage intercepting rainfall; rainfall infiltration 
into unsaturated soil layers; percolation of rainwater into groundwater zone; ground water 
and the drainage system interflow; nonlinear reservoir routing of overland flow; and 
detention and retention of rainfall by various types of GI practices (Jayasooriya and Ng, 2014, 
Rossman, 2010).  
The model estimates runoff based on a collection of subcatchment areas. Each subcatchment 
area receives rainwater and diverts the runoff either to another subcathcment, to storage 
devices or to nodes through conduits, while allowing for evaporation and infiltration losses. 
During a simulation period which consists of multiple time steps, SWMM records runoff 
quantity and quality produced within each subcatchment; and the rate and depth of the flow 
and water quality in each pipe and channel (Rossman, 2010).  
The physically-based, discrete-time simulation model, SWMM, uses several components to 
model stormwater runoff quantity, including surface runoff, infiltration, groundwater, flow 
routing, snowmelt, and surface ponding. Each subcatchment is treated as a nonlinear 
reservoir. Precipitation and water from designated upstream subcatchments are considered as 
incoming waters, and infiltration, evaporation and surface runoff are outflows. Surface runoff 
occurs only when the depth of water in the subcathcment exceeds the maximum depression 
storage, in which case Manning’s equation is used to estimate surface runoff. The model 
allows five ways to account for evaporation: a single constant value, a set of monthly average 
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values, a user-defined time series of daily values, values computed from the daily 
temperatures, and daily values read directly from an external climate file. SWMM offers 
three choices for modelling infiltration: Horton’s Equation, Green-Ampt Method and Curve 
Number Method. A water balance equation is numerically solved for the depth of water over 
the subcatchment (Rossman, 2010).  
SWMM uses the two-zone groundwater model. The upper zone is unsaturated hence the 
moisture content varies. The lower zone is fully saturated and the moisture content is fixed. 
After accounting for the water fluxes, a mass balance is written to compute a new water table 
depth and unsaturated zone moisture content. Three choices are available for flow routing: 
steady flow routing, kinematic wave routing and dynamic wave routing. When excessive 
water exists in a system, it can be chosen either to be transported further downstream or be 
stored in a ponded fashion (Rossman, 2010). 
In each subcatchment, the snowmelt component considers snow accumulation, snow 
redistribution and removal operations to update the state of the snow packs. Any melted snow 
is considered as an additional rainfall input onto the subcatchment (Rossman, 2010).  
SWMM continues to serve as a tool to plan, analyse and design related to stormwater runoff 
throughout the world. It has been applied to thousands of sewer and stormwater studies 
worldwide. Particularly, it is capable of evaluating the effectiveness of several GI practices 
such as bio-retention cells, infiltration trenches, pervious pavement, rain barrels/cisterns, and 
bioswales (Rossman, 2010, Jayasooriya and Ng, 2014, Abi Aad et al., 2010). SWMM was 
also applied to simulate green roofs (Khader and Montalto, 2008, Roehr and Kong, 2010). GI 
practices provide some amount of rainfall or runoff storage, infiltration into soil and 
evaporation of stored water (except for rain barrels/cisterns) (Rossman, 2010).  
In SWMM, GI practices are modelled by a group of vertical layers. The layers are 
characterized on a per-unit-area basis, which allows the same GI practice design but with 
different areal coverage to be easily placed within different subcatchments of a study area. 
SWMM computes a moisture balance that tracks water movements between the layers and 
the amount stored in each layer. Figure 2-2  shows the layers used for modelling a bio-
retention cell and the flow pathways (Rossman, 2010).  
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Figure 2-2 Conceptual diagram of a bio-retention cell (Rossman, 2010) 
 
Layers available in SWMM-05 are Surface layer, Pavement layer, Soil layer, Storage layer, 
and Underdrain System. These are now defined separately in the following. Surface layer is 
the ground/pavement surface which treats direct rainfall and runon from upstream land areas 
as inflow. Excess inflow is stored in depression storage. Surface outflow produced either 
leaves the system through the drainage system or flows onto downstream land areas. 
Pavement layer is a layer of concrete or asphalt that is pervious which is used in continuous 
porous pavement systems. This layer can also be paver blocks and filler material that are used 
in modular systems. Soil layer contains engineered soil mixture that is used to sustain 
vegetation growth in bio-retention cells. Storage layer provides water storage in bio-retention 
cells, porous pavement, and infiltration trench systems by using crush rock or gravel. The 
function of the underdrain system is to transport water out of the storage layer of bio-
retention cells, porous pavement systems and infiltration trenches into common outlet pipe or 
chamber (Rossman, 2010).  
 
SUSTAIN 
The System for Urban Stormwater Treatment and Analysis IntegratioN (SUSTAIN) has been 
developed by the U.S. Environmental Protection Agency (EPA) since 2003 in response to the 
challenge faced by decision makers which is to select the best combination of GI practices for 
implementation among many other options available to achieve most practical and cost-
effective for the location interested. In other words, SUSTAIN assists watershed and 
stormwater practitioners to develop, evaluate, and select optimal GI options for various 
watershed scales based on cost and effectiveness. SUSTAIN is a decision-making framework 
intended to be used by knowledgeable model users who are familiar with technical aspects of 
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watershed modelling. The objectives SUSTAIN addresses are to determine the effectiveness 
of GI practices in reducing runoff and pollutant loadings; to identify the most cost-effective 
solutions that meet water quality and quantity objectives and to select the location, type and 
size of GI practices (United States Environmental Protection Agency, 2015, Lai et al., 2010).  
SUSTAIN integrates modelling techniques, cost management practices, and optimization 
tools that are publicly available in a geographically-based platform, ArcGIS, to achieve the 
planning objectives. From multiple, distinct sources, the most applicable algorithms for 
simulating urban hydrology, pollutant transport, and mitigation processes were packages 
together in SUSTAIN (Lai et al., 2010).   
The user accesses the framework modules in SUSTAIN through a base platform interface 
(Lai et al., 2010). There are several framework modules in SUSTAIN – Framework Manager 
(including BMP siting), Land simulation, BMP simulation (including BMP cost estimation 
and aggregation of distributed BMPs), Conveyance simulation, BMP optimization, and Post-
processor (Shoemaker et al., 2009, Lai et al., 2010). Functions performed in each module are 
described in Table 2-27. 
SUSTAIN can be used to address various stormwater management practice planning 
questions faced by decision makers, e.g. to determine optimal GI strategies to reduce runoff 
volume and peak flows; to evaluate the water quantity and quality benefits of distributing GI 
practices in urban streams (United States Environmental Protection Agency, 2015). 
Many GI practices are supported by SUSTAIN, including bio-retention cells, rain 
barrels/cisterns, constructed wetlands, dry ponds, grassed swales, green roofs, infiltration 
basins, infiltration trenches, pervious pavements, sand filters (non-surface and surface), 
vegetated filter strips, and wet ponds (Shoemaker et al., 2009). 
 
L-THIA-LID 
The Long-Term Hydrologic Impact Assessment – Low Impact Development (L-THIA-LID) 
model is an easy-to-use tool that are used to assess the benefits of LID practices on hydrology 
(runoff volume) and water quality compared to conventional development (Liu et al., 2015b). 
To incorporate modelling capabilities of LID practices, the L-THIA-LID was developed as an 
expanded version of the original L-THIA (Ahiablame, 2012). The motivation of L-THIA was 
to provide planners who have minimal expertise in hydrologic modelling with a screening 
model that is less complex, data intensive, and expensive (Bhaduri et al., 2001). Rather than 
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Table 2-27 Functions performed in the seven modules in SUSTAIN (United States 
Environmental Protection Agency, 2015)  
Modules Functions 
Framework 
Manager (FM) 
and BMP Siting 
Tool 
FM serves as the command centre of SUSTAIN. Data exchange between 
system modules is achieved using ArcGIS-based FM. FM also links external 
inputs and various modelling components and transfers output information to 
the postprocessor.  
BMP Siting Tool enables user to select suitable location for the 
implementation of common structural BMPs that satisfies the defined site 
suitability criteria, such as drainage area, slope, hydrological soil group, and 
ground water table depth. 
Land Simulation This module computes runoff and pollutant loads from land using:  
1. Algorithms from SWMM-5 to compute the hydrograph and pollutographs; 
2. Sediment algorithms from Hydrological Simulation Program – 
FORTRAN (HSPF)  
BMP Simulation The module provides process-based simulation of flow and pollutant 
transport for common structural BMPs. It also allows new BMPs and 
alternative simulation techniques to be added. The major processes included 
in the module are:  
- Reservoir storage/routing option; 
- Manning open channel flow routing option;  
- Holtan-Lopez method infiltration method; 
- Green-Ampt infiltration method;  
- Hamon’s method to estimate PET for recovery of infiltration potential;  
- Evapotranspiration. Three options are available: 1.Rely on user-supplied 
monthly PET rate; 2.Calculate PET from user-supplied pan evaporation time 
series input and monthly pan coefficients; 3.Use Hamon’s method; 
- Buffer strip simulation (VFSMOD model); 
- Processes related to sediment and pollutant removal and transport; 
- BMP Coat Estimation: The cost database stores the unit costs of individual 
BMP construction components from wholesale and retail companies that 
supply materials for BMPs. User-defined prices are also accepted.    
- Aggregation of distributed BMPs function is also included to assess the 
effectiveness of multiple, distributed BMPs.  
Conveyance 
Simulation 
This module simulates flow and pollutant routing through a conduit, which is 
a pipe or a channel that moves water from one node to another in a 
watershed routing network.   
Flow and pollutant routing are simulated using algorithms from SWMM-5. 
For sediment routing, the sediment transport algorithms in Hydrological 
Simulation Program - FORTRAN (HSPF) is used.  
BMP 
Optimization 
This module identifies the optimal BMPs that are cost effective and selected 
based on a pre-determined list of feasible sites and applicable size ranges.  
Postprocessor Using Microsoft Excel, this module analyses and interprets simulation 
outputs at various locations, and for scenarios and parameters interested.  
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assessing on the impacts resulting from a particular storm or year, L-THIA examines long-
term average impacts.  
The L-THIA model is based on the United States Department of Agriculture, Soil 
Conservation Service curve number (NRCS-CN) method with readily available data inputs 
including land uses, soil data and long-term daily rainfall to calculate average annual runoff. 
The empirically-based CN method is a two-parameter (CN and the initial abstraction, S) 
procedure widely used both in simple stormwater management methods and in sophisticated 
watershed models to determine daily runoff resulting from a long-term precipitation record so 
that average annual runoff at a watershed scale can be calculated (Garen and Moore, 2005, 
Bhaduri et al., 2001). Non-point source pollutant loads can also be estimated using the runoff 
volume and event mean concentration (EMC) methods (Ahiablame, 2012, Liu et al., 2015a).  
The LIDs that can be simulated in L-THIA-LID are bio-retention systems, rain 
barrels/cisterns, green roofs, open wooded space, pervious pavements, and permeable patios 
(Ahiablame et al., 2012, 2013). L-THIA-LID model uses curve numbers to represent LID 
practices to estimate runoff volume. The change in water quality is estimated by using runoff 
volume changes and EMC of the specific LID practices (Liu et al., 2015a). 
More enhancements were made in L-THIA-LID 2.0 (Liu et al., 2015a). The input data are the 
same as the original L-THIA model. In addition to the curve number (CN) method for 
estimating runoff volume, this version also uses percent runoff reduction method. With 
regard to the assessment on the water quality changes, pollutant concentration reduction 
method, and irreducible concentration method based on International Stormwater Best 
Management Practices Database are also used in addition to the method used in L-THIA. 
Moreover, this version can investigate the effects of combined multiple LID practices. 
Additional commonly applied GI practices are added to this model including detention basins, 
retention ponds, wetland basins, biofilter-grass swales, wetland channels, and biofilter-grass 
strips (Liu et al., 2015b, Liu et al., 2015a).  
The latest version is L-THIA-LID 2.1 (Liu et al., 2015b). Liu et al. (2015b) applied L-THIA-
LID 2.1 to evaluate the impacts of GI practices, in various combinations with different levels 
of adoption, on water quantity and water quality at a watershed scale. For each scenario, total 
cost of implementing GI practices was estimated and the scenarios that were the most cost-
effective were identified.   
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2.4 Hydrologic modelling of green roof systems 
To this end, although runoff volume and rate mitigation is the most popular aspect of green 
roof systems that is investigated by researchers globally (mainly in the northern hemisphere), 
the experience and technology obtained cannot be relied on in other parts of the world since 
there are significant differences in climatic conditions, available and economically feasible 
substrate materials, and suitable vegetation (Williams et al., 2010). Hence, if there is a need 
to fully understand the feasibility of green roof technology as a tool to mitigate urban 
stormwater negative effects, local investigation is of essence (Carson et al., 2013). 
As for other experiments, conducting green roof experiments are time consuming, costly, and 
labour intense, especially in the case of full-scale experiments. Also, one green roof usually 
can only be assessed on one type of material of each layer. Testing different materials for 
each layer requires the destruction of the existing one, or the construction of a new green roof 
system. For example, to test different soil mixes, the removal of vegetation and the existing 
soil layer is required. In addition, the behaviour of an experimental green roof during short 
monitoring periods is not representative of the overall green roof performance. Therefore, 
there is a need to develop methods to estimate green roof hydrologic performance over 
multiple years, which encompass various rainfall patterns, to reduce any bias caused by 
rainfall distribution within a shorter monitoring period (Mentens et al., 2006, Carson et al., 
2013). As a result, green roof models for studying green roof hydrologic behaviour have been 
increasingly published in the literature in the past several years.  
Various modelling approaches and stormwater modelling packages with various levels of 
complexity have been developed and applied in the literature to simulate green roof 
hydrologic behaviour. Some of the models are described in the following. Mathematical 
models used to estimate green roof retention and detention abilities include statistical, 
empirical, hydrological and hydraulic models (Zoppou, 2001). 
Carson et al. (2013) constructed three full-scale extensive green roofs using the three 
common techniques – vegetated mat, built-in-place and modular tray. One of the objectives 
of their study was to establish a method for estimating green roof retention ability that can 
account for multiyear rainfall patterns which were not experienced by the green roofs during 
the monitoring periods. Therefore, the three roofs were observed for their event-based 
hydrologic performance and the hydrologic data were collected at the sites. Based on the data, 
a quadric relationship between rainfall and runoff for each green roof was obtained. Those 
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equations are termed characteristic runoff equation (CRE). This method for empirically 
quantifying event-based retention ability of green roofs was based on Mentens et al.’s (2006) 
concept of quadratic annual relationships. The CRE for each green roof developed here can 
only be valid for rainfall depths up to 100 mm. The three CREs for the three green roofs 
incorporated the different characteristics that distinguished the three roofs, such as the 
construction techniques, the growing substrate depth, the vegetation type, and areal 
vegetation coverage of drainage area. However, those CREs were only useful for these three 
specific green roofs since the CREs estimated runoff retention was a function of rainfall 
depth only. Other important factors did not appear in the equations. Factors like soil depth, 
vegetation type, antecedent moisture conditions, and local climate can have significant effects 
on event-based retention. For these reasons, the CREs cannot be applied to other green roof 
systems even if those green roofs were located in the same climate zone. Retention amount is 
site specific and design specific. The study emphasized the importance of rainfall patterns on 
retention performance of a green roof, which change every year and every season. Short-term 
performance of a green roof may not be representative of its long-term performance. 
Therefore, long-term simulation may be necessary to eliminate this bias. The experimental 
results showed that during the one-year monitoring period, the three green roofs retained 36%, 
47% and 61% of the rainwater, respectively. Applying the daily rainfall data in the 40-year 
historic period to the CREs, the average retention percentages were 45%, 53%, and 58% for 
the three roofs, respectively. The difference between one-year retention and multi-year 
retention for each green roof proved the necessity of multi-year modelling. In addition, to 
understand how seasonal climate affected the hydrologic behaviour of the green roofs, multi-
year seasonal modelling is required. 
In 2005, Villarreal and Bengtsson empirically produced unit hydrographs (UH). These UHs 
were then used to predict hydrologic response of the green roof systems with different roof 
slopes and with two different initial soil moisture conditions. The relationships between 
direct runoff and effective precipitation were proposed and the parameters in the equation 
were estimated by the data collected on the experimental site. Under the two initial soil 
moisture conditions, for each combination of rainfall and green roof slope, the UHs were 
different. Therefore, an average UH was calculated using the experiments with uniform 
rainfall intensity. The equation assumed that direct runoff was only a function of effective 
precipitation, which was obviously not an accurate representation of the real situation. It had 
the similar disadvantage to Mentens et al.’s (2006) and Carson et al.’s (2013) models that it 
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did not include any climatic factors or roof features. In addition, the model can only be 
applied to the green roof configurations that calibrated it. For other configurations, the 
approach presented in Villarreal and Bengtsson’s (2005) article is necessary to obtain an UH 
for that specific green roof.  
Carter and Jackson (2007) employed Soil Conservation Service curve number (CN) method 
to determine the influence of widespread use of green roofs on the hydrology of a real-world 
urban watershed using runoff data obtained from an established green roof system located 
within the watershed under investigation. Soil Conservation Service has developed CN values 
for each type of land according to their runoff characteristics. The CN of 86 for the 
established green roof system was derived from its experimental rainfall-runoff relationship 
using 31 storm events over the time period of November 2003-2004. Then this CN of 86 was 
implemented into two models – the CN method, which is the infiltration and runoff model; 
and StormNetBuilder, which is a stormwater modelling software package that is based on 
EPA’s SWMM 5.0 analysis approach and CN infiltrate method to route runoff through a 
watershed. Subsequently, the impact of widespread adoption of green roof systems on the 
watershed hydrology can be accessed. The same issue as the above models, this model 
seemed to exclude the impact of local climatic conditions. This conceptual method was 
criticized by Roehr and Kong (2010) who indicated that the CN method is “not precise 
enough for green roof runoff simulation, because the same rainfall amount falling on the 
same green roofs will result in different runoff rates between dry season and wet season”. 
In 2008, Hilten et al. used a packaged soil moisture simulator, HYDRUS-1D to investigate 
the effectiveness of a modular block green roof system in mitigating stormwater for 
individual rainfall event. HYDRUS-1D is a more advanced mechanistic model using the 
Richards’ equation to solve moisture transport for a given soil that is variably saturated. The 
model was used to simulate both runoff and evapotranspiration occurred on the experimental 
site. The input variables to this model were reference crop evapotranspiration (ET0), rainfall, 
and soil hydraulic properties. The ET0 was calculated using Hargreaves and Samani method 
and the micro-meteorological parameters (relative humidity, air temperature, wind speed, and 
solar radiation) and soil parameters (soil temperature, volumetric moisture content and heat 
flux) collected at the study site. Precipitation was measured directly at the study site. Soil 
hydraulic properties had been analysed by Hilten presented in his paper in 2005. The 
simulated runoff was verified by the runoff measured at the site. The simulated 
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evapotranspiration was verified by water-balance-derived evapotranspiration (Eq.2 in the 
article).  
Hargreaves and Samani method is a less accurate method than Penman-Monteith method for 
calculating ET0. Hargreaves and Samani method is used when solar radiation data, relative 
humidity data and/or wind speed data are missing (Allen et al., 1998). She and Pang (2010) 
claimed that HYDRUS-1D, a classical infinite depth groundwater model, cannot sufficiently 
represent hydrologic and hydraulic processes of green roofs; and the special characteristics 
and interactions of vegetation, thin engineered soil, and hydraulic structures designed 
purposefully in the generation of outflows.  
Palla et al. (2009) applied SWMS-2D model to a variably saturated porous media for 
simulating the rainfall infiltration process and water content profile in two dimension. The 
SWMS-2D model is based on the two-dimensional form of the Richards’ law and the Van 
Genuchten – Mualem functions. Eight rainfall events observed at the green roof experimental 
site were used to calibrate and validate the model. The model can adequately reproduce the 
experimental hydrographs evident in the limited relative percentage differences in total 
outflow volume, the peak flow rate, and the centroid between the modelled hydrographs and 
the test hydrographs. In addition, the model predicted the vertical soil water content profile 
that closely matched the measured data. The model requires five parameters associated with 
van Genuchten soil-hydraulic functions and the statistical pore distribution model of Mualem; 
four components of the dimensionless anisotropy tensor; and input specifications for the 
finite-element mesh as well as the associated initial and boundary conditions. 
The model simulates the infiltration process in porous media, in this case the growing media, 
the filter layer and the drainage layer. However, the model does not include the effects of 
transpiration of plants and evaporation from the top soil layer. Evapotranspiration is 
important for accessing the impact of hydrologic restoration on a long-term water budget. 
In 2012, Palla et al. conducted another study with the aim of investigating the effects of green 
roof systems on urban hydrologic system on a single-rainfall-event basis, and again focusing 
on the infiltration process. To do this, they carried out the green roof experiment at the 
University of Genova (Italy) to characterize the hydrologic performance (e.g. the retained 
volume, peak flow rate reduction, and runoff delay). Then, they proposed a conceptual model 
and a mechanistic model to simulate the hydrologic behaviour of the green roof system. Each 
model was calibrated and validated against the data collected at the experimental site. Finally, 
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the selection of a model was performed based on complexity, data requirement, calibration 
process, and accuracy. Since the models aimed at simulating the hydrologic response to a 
single rainfall event, the inter-event evapotranspiration was not simulated. The conceptual 
model simulated the green roof system using a cascade of three linear reservoirs accounting 
for the infiltration process (vertical flow) in the growing medium, and the lateral flow 
processes. The mechanistic model simulated the infiltration process, and generated soil water 
saturation profile in one dimension. The HYDRUS-1D code was used for this purpose. The 
mechanistic model can simulate the lateral flow and the convolution processes, which were 
described by a linear reservoir scheme. 
Both of the models produced outflow hydrograph profile, volume, and time that closely 
matched the experimental measurements. As the authors expected, the mechanistic model’s 
predictions were more accurate than the conceptual one’s. Despite the accuracy achieved by 
the two models, they do not incorporate evapotranspiration from vegetation and soil. 
Antecedent soil moisture conditions, caused by inter-event evapotranspiration, will 
significantly affect soil’s capacity to retain rainwater. For users who would like to 
continuously model green roof response using real local climatic conditions for several days 
or even several years, those two models are not suitable to do that.  
Different to the above models that adopted the Richards’ equation, She and Pang (2010) 
developed a physically based model to mimic the hydrologic and hydraulic processes of 
green roofs. The model simulated the rainwater movement within the soil layer of the green 
roof system on Hamilton Building in the city of Portland, Oregon. The model was then 
validated using the 3-year period experimental data collected at the experimental site. Their 
model consisted of three modules: an evapotranspiration module, an infiltration module and a 
flow routing module. For the evapotranspiration module, evapotranspiration was set to zero 
during precipitation period, and was derived using the form of an exponential decay with 
moisture content during dry period. The flow routing module was taken from U.S. EPA’s 
SWMM 5.0 RUNOFF module. So they primarily focused on the development of the 
infiltration module. The infiltration module was subdivided into three components: (1) 
Drainage and advance of wetting front based on modified Green-Ampt equations; (2) 
Medium saturation; (3) Recession. 
Unlike some models that the simulations were event-based, She and Pang’s model can run 
continuously for the monitoring period, 04/12/2003 – 24/01/2004. Overall, the continuous 
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simulations were about 10% different from the observations for the entire monitoring period. 
The model needs calibration for different locations. A few parameters need to be chosen so 
that the hydrographs of the calibration events match the hydrographs produced by the 
continuous simulations with an acceptable error. The author suggested to choose a few events 
in different seasons with a long duration between these events for calibration. 
The physically based model has similar disadvantages to the models mentioned above that it 
does not incorporate any local climate factors, such as solar radiation, wind, etc. Although, 
the authors considered evapotranspiration, the evapotranspiration was obtained as a function 
of moisture content of the soil, which is not a true representation of the real situation that 
many other factors (e.g. plant characteristics, and water input frequencies) significantly affect 
evapotranspiration.  
The SWMM was used by Roehr and Kong (2010) to simulate impervious runoff and the 
potential runoff reduction of green roofs. The SWMM-simulated impervious roof runoff was 
compared with previously obtained impervious results generated by tr-55 (Natural Resources 
Conservation Service Technical Release - 55) and measured by BCIT (the British Columbia 
Institute of Technology). Then green roof runoff was simulated by SWMM and the results 
were compared with BCIT measured results. tr-55 is based on the Curve Number (CN) 
method. BCIT’s results were measured. SWMM uses the Green-Ampt method for modelling 
infiltration. The Green-Ampt method was used to develop one of the three components of the 
infiltration module in She and Pang’s (2010) physically-based model. The SWMM model 
was combined with evapotranspiration to better mimic the real situation. Crop coefficient 
method was used to calculate the evapotranspiration. The reference evapotranspiration was 
calculated using Hargreaves-Samani method, which was the same method used by Hilten et 
al. (2008). The required climate parameters in Hargreaves-Samani method were collected at 
the local weather station. Table 6 in the paper listed the impervious and green roof runoff 
volumes simulated by SWMM (with evapotranspiration) and tr-55 (with evapotranspiration), 
and measured by BCIT for the year of 2006. SWMM’s results deviated from the measured 
values 21.2%-33.85%. These large deviations can be a concern for engineers and 
professionals who use SWMM to achieve their goals. 
In summary, the majority of the watershed and green roof hydrologic models discussed above 
do not consider the effects of evapotranspiration taking place in a plant-soil system. A few 
models did calculate evapotranspiration, but they adopted simplistic evapotranspiration 
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calculation methods. According to Czemiel Berndtsson (2010) and Gregoire and Clausen 
(2011), it is the evaporated and transpired water that explains the observed runoff volume 
reduction from green roofs. Evapotranspiration is the major cause of soil drying after outflow 
stops on a green roof. Higher evapotranspiration regenerates more water retention capacity 
and hence the higher retention and peak flow rate reduction for the following rainfall events 
(Carter and Rasmussen, 2006, Mentens et al., 2006). The ability of a green roof to 
evapotranspire is affected by weather parameters, vegetation characteristics, and management 
practices (Dunnett et al., 2008, Allen et al., 1998).  
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Chapter 3  Green Roof Technology 
3.1 Introduction 
This chapter introduces green roof systems in details. Section 3.2 describes the background 
information of green roof systems including typical structure and materials. Three case studies 
are presented in the later sections to learn typical installation techniques and choices of 
materials for green roof systems.  
 
3.2 Introduction to green roof technology 
Green roofs are vegetated rooftops, also known as eco-roofs or living roofs (Carson et al., 2013), 
and are complex layered structures designed to operate as an ecosystem (Hopkins and Goodwin, 
2011). Depending on the intended purpose of a green roof and the depth of the soil layer, green 
roofs can generally be classified into two categories: extensive and intensive. Extensive green 
roofs are featured by a thin substrate (< 200 mm deep); relatively lightweight; low cost; 
inaccessibility for human recreational activities; and requiring minimal or no maintenance 
(Wolf and Lundholm, 2008, Czemiel Berndtsson et al., 2009, Hopkins and Goodwin, 2011). 
As a result of the shallow substrate, periodic drought and rapid fluctuations in soil moisture has 
led to the key selection criteria of plants being short rooting, drought-tolerant and drought 
avoidant (Wolf and Lundholm, 2008). Plants planted on extensive green roofs, usually range 
from 50 mm to 130 mm in height (Hathaway et al., 2008), including low growing succulents, 
herbs, grasses and mosses (Czemiel Berndtsson et al., 2009). Extensive green roofs may be 
constructed in the three major ways: prefabricated vegetation mats, built-in-place (shot planting, 
seed sowing or spontaneous self-established vegetation), and modular tray system (Banting et 
al., 2005, Oberndorfer et al., 2007, Czemiel Berndtsson, 2010). Extensive vegetated roofs may 
be installed on sloped surfaces, with the slope angle as high as 45° (Mentens et al., 2006). The 
role played by extensive green roofs in urban environment is more functional than recreational. 
In other words, installation of an extensive green roof may be finalized to mitigate urban 
stormwater related problems, improve roof runoff quality, provide thermal insulation, reduce 
noise, etc. (Hopkins and Goodwin, 2011). An example of extensive green roof installed in 
Melbourne, Australia is shown in Figure 3-1(a). 
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Intensive roofs are characterized by a much deeper soil layer supporting a more diverse plant 
community including ground covers, small trees and shrubs; requirement of regular 
maintenance such as weeding, fertilization and irrigation; high structural load; and more costly 
installation and maintenance (Czemiel Berndtsson et al., 2009, MacIvor and Lundholm, 2011). 
They are often designed as roof gardens made accessible for human use (Hopkins and Goodwin, 
2011). Intensive green roofs are typically installed on roofs with a slope of less than 10° 
(Mentens et al., 2006). Figure 3-1(c) shows an intensive green roof in Sydney, Australia. 
A third type of green roofs is recognized, namely simple-intensive (also called semi-intensive). 
This category is a combination of extensive and intensive green roofs (FLL, 2008, Hopkins 
and Goodwin, 2011, Bianchini and Hewage, 2012), however the extensive type must represent 
25% or less of the total green roof’s area (Bianchini and Hewage, 2012). It has greater 
biodiversity potential than an extensive green roof (Hopkins and Goodwin, 2011). It also 
requires frequent maintenance as intensive ones (Czemiel Berndtsson, 2010). A semi-intensive 
green roof constructed in Henderson, New Zealand is presented in Figure 3-1(b). 
Being less costly, relatively lightweight and low maintenance, extensive green roofs have a 
wider application than the other two categories (Carson et al., 2013). As a result, quantifying 
the environmental benefits of extensive green roofs is often the focus of most research studies 
since the proof of such benefits can increase the application of extensive green roofs on existing 
buildings (MacIvor and Lundholm, 2011). 
 
     
                    (a)                                       (b)                                                  (c) 
Figure 3-1 (a) An extensive green roof: THE VENNY located at Holland Park, Kensington 
Road, Melbourne, Victoria; (b) A semi-intensive green roof: WAITAKERE CENTRAL CIVIC 
CENTRE located at Henderson, New Zealand; (c) An intensive green roof: M CENTRAL 
located on Harris Street, Ultimo, NSW (Hopkins and Goodwin, 2011) 
 
While there exist three different categories of green roofs, they share a similar structure 
(Hathaway et al., 2008). Materials, detailed design specifics, and installation methods for green 
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roofs may vary from site to site (Carson et al., 2013), partly due to the lack of internationally 
established guidelines for their design. A typical green roof (shown in Figure 3-2) consists of 
(in the construction sequence) a root barrier, a drainage layer, a filter fabric, a water retention 
mat, an engineered substrate layer, and a vegetation layer (Hathaway et al., 2008). Detailed 
information of each layer, such as the requirements, functions and materials, is described below. 
 
The root barrier layer. This layer has a two-fold purpose: 1) provides a waterproofing 
membrane to the roof structure below it; 2) prevents plant roots from penetrating the roof 
structure (Lazzarin et al., 2005). Usually, it is a thin layer of low-density polyethylene or 
polypropylene (Bianchini and Hewage, 2012). 
 
The drainage layer. All green roofs need good drainage since excessive water can either 
potentially cause root rot and prevent healthy plant growth, or encourage root growth which 
can block the drains and damage the root barrier and the roof structure. For extensive green 
roofs, the layer can be made up of a drainage board, or a drainage sheet. A drainage board has 
little tanks, which have holes at the bottom of each tank. Therefore, water is accumulated in 
the tanks and excessive water is drained through the holes (Lazzarin et al., 2005). A drainage 
sheet is a geotextile fabric with nylon coils attached on the underside (VanWoert et al., 2005). 
Those should be made from light and thin materials, like polyethylene and polypropylene. For 
intensive green roofs, the layer can be made up of aggregates (Bianchini and Hewage, 2012, 
IZREAL, 2014).  
 
The filter sheet. This layer permits the rainwater to pass, but stops the soil particles of the 
upper layer from being drained with rainwater and blocking the drainage layer (Lazzarin et al., 
2005). Materials such as polymeric fibres (polyester, polyamide, polypropylene and acrylic 
fibres) or polyolefins are used to manufacture this layer (Bianchini and Hewage, 2012). 
 
The water retention layer. The layer is used to retain some rainwater and nutrients for plant 
use during dry periods. It is a sheet made of mineral wool or polymeric fibres (VanWoert et al., 
2005, Bianchini and Hewage, 2012). The selection of material and thickness of this layer is 
limited by the capacity of the building to bear the weight of water absorbed (Bianchini and 
Hewage, 2012). 
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The growing media layer. The substrate layer contributes to thermal performance and water 
runoff mitigation. It also supplies nutrients and water that plants need for their biological 
functions. In addition, it provides room for roots to settle and strengthen, and to withstand 
strong wind and other extreme weather conditions (Bianchini and Hewage, 2012). The 
substrate design of an extensive green roof requires a constant trade-off among water holding 
capacity, weight, hydraulic conductivity, oxygen diffusion, and supplying the plants with the 
needed nutrients and water (Hilten et al., 2008). The long-term stability of a substrate requires 
the substrate to resist decomposition and erosion caused by rainfall, wind and frost. In many 
cases, the proceeding requirements of a substrate have been achieved by limiting the amount 
of organic and fine materials in a substrate mix, as suggested by the German guidelines (FLL, 
2008, Emilsson, 2008). As a result, green roof substrates usually have low nutrient exchange 
capacity because these processes occur on the surfaces of organic matter and fine particles 
(Brady and WEIL, 2008). The low nutrient exchange capacity of the substrates may have an 
impact on the quality of stormwater runoff and the long-term stability of the vegetation systems 
as the nutrients are constantly leaving the systems. However, most of the nutrient leaching 
occurs shortly after installation or after fertilization applications (Emilsson et al., 2007). Nagase 
and Dunnett (2011) advised that 10% organic matter in a substrate is optimal to sustain a stable 
growth of an extensive green roof regardless of water availability, whereas a substrate 
containing 50% organic matter encourages excessive growth in a well-watered environment. 
The ideal range of porosity for a typical green roof substrate is between 0.25 and 0.75 (She and 
Pang, 2010). The substrate should have a low volumetric mass which may be 800–900 kg/m3 
(Lazzarin et al., 2005). To maintain a good balance between weight and performance, the soil 
mix generally contains a larger proportion of porous minerals and a smaller proportion of 
organic materials (Bianchini and Hewage, 2012).  
 
The vegetation layer. Plants are selected specifically for the intended substrate depth, 
substrate composites, and climate conditions. 
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Figure 3-2  A schematic representation of a typical green roof system showing its layered 
structure (Hopkins and Goodwin, 2011) 
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3.3 The ASLA green roof
 
Figure 3-3 The ASLA roof section  
 
Description:  
The American Society of Landscape Architect (ASLA) green roof is an experimental hybrid 
of an extensive green roof and an intensive green roof (a semi-intensive recreational green roof). 
It is comprised of two vegetated waves (South and North), a thin sedum planting that is below 
the aluminium grates, intensive planting areas over the stair tower and the elevator shaft and a 
thin sedum mix on other areas of the terrace. Figure 3-4 clears shows these planting 
arrangements. The information and Figures presented in this section (Section 3.3) are from a 
single source, (Werthmann, 2007).  
 
Introduction: 
The ASLA was faced with the necessity of replacing its headquarters’ roof waterproofing 
membrane in Washington, DC, in 2005. They took this opportunity to construct an exemplary 
green roof which shall serve as a demonstration project. The contribution of the experimental 
ALSA green roof to society is not only its environmental benefits, but also that it exhibits the 
cultural, and aesthetic aspects of green roof technology that transforms a roof desert into a 
pleasant and engaging outdoor space that can be accessed and enjoyed on a daily basis (Figure 
3-5).    
The ASLA building consists of three above-grade floors and a basement for a total area of 
1,189 m2 (12,800 ft2). The ASLA is the original owner of the building which has been occupied 
Owner: The American Society of Landscape Architects 
Location: 636 Eye Street, NW Washington, DC, the USA 
Cost: US$950,000 
Completion date: 2006 
Roof Area: 297.3 m2 (3200 ft2) 
Landscape architects: Michael Van Valkenburgh Associates (MVVA) 
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by 45-50 persons since 1997. The roof before greened was comprised of a steel metal deck 
covered by an insulation layer that was overlaid with a PVC waterproofing membrane as the 
top layer.   
The landscape architecture firm Michael Van Valkenburgh Associates (MVVA) came on board 
after the selection process. The success of this project also attributed to Conservation Design 
Forum (CDF) who brought in extensive experience in the construction of green roofs, and also 
to a team of structural engineers, architects, plumbing specialist, horticulturalists, and green 
roof manufacturers. The total construction cost for the ASLA green roof was approximately 
US$950,000. However, US$600,000 of the total was paid for the architectural components, 
mainly to create access (the stair tower). The remaining US$350,000 was spent on greening 
the roof: the repositioning of the air handlers, the two waves, the aluminium grating over the 
sedum, and all the plantings. 
 
 
Figure 3-4 Plan and elevation views of the ASLA green roof 
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Figure 3-5 The ASLA before (roof desert) and after the green roof construction 
 
The total load capacity of the roof, which is the most important factor alongside the budget 
leading the design of the green roof, has to be greater than the sum of dead load and live load 
of the green roof. The dead load of a green roof typically includes the waterproofing, root 
barrier, insulation, water retention layer, drainage layer, filter fabric, fully saturated growing 
medium, and plants. Live load includes snow, people, and temporary and movable objects. 
Total load capacity of the existing roof and the feasibility of implementing a green roof was 
determined by a structural engineer who studied the available construction documents and roof 
itself. It turned out that the existing roof can support 3.82 kPa (80 psf) in the southern third of 
the roof and 5.03 kPa (105 psf) for all other areas. By considering that extensive green roof 
systems have dead load between 0.48 and 1.44 kPa (10 – 30 psf), the ASLA decided not to put 
additional reinforcement. The final weight of the design was based on the structurally weakest 
third southern bay of the roof. The South wave has a 50.8 mm (2 in.) less thick soil layer than 
the North wave soil depth to adapt to the difference in the weight limitations of the roof.  
 
Design and components 
Figure 3-6 shows the cross sections of each planting area. The figures can be of help when 
reading the description of each layer composed the ASLA green roofs.  
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                                                        (a)                                                                                      (b) 
 
             
(c)        (d) 
             
(e)                            (f) 
Figure 3-6 Cross sections of the green roofs: (a) the terrace planting; (b) the terrace planting 
alone edges; (c) on the elevation shaft; (d) on the stair tower; (e) the South wave; (f) the North 
wave 
 
Waterproofing 
The original steel deck was kept, and was covered by a new solid decking that was comprised 
of gypsum boards. This decking was coated with hot rubberized asphalt with fabric 
reinforcement. The hot fluid was applied in two coats with a total thickness of approximately 
6.35 mm (1/4 in.). The decking and the roof membrane form a monolithic layer with no seams 
(Figure 3-7 (a)).  
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Root barrier 
The waterproofing membrane needed to be reinforced with a root barrier to be root resistant. 
The 3.2 mm (8 in.) thick root barrier comprises of rubberized asphalt strengthened with 
polyester and treated with an agent that repels roots. While the waterproofing membrane was 
still warm, the root barrier was rolled out and embedded into the warm membrane. At the seams, 
the sheets were overlapped and torch welded (Figure 3-7(b)).  
 
         
(a)                                                             (b) 
Figure 3-7 (a) Fabric for reinforcement was laid onto the hot rubberized asphalt; (b) The root 
barrier was applied to the asphaltic waterproofing while it was still warm 
 
Insulation 
The root barrier was then overlaid with insulation boards. The design team sloped the new roof 
as an entire plan with a gradient of 2% from west to east and relocated the two drain inlets to 
the east parapet. The insulation boards were cut in wedge shapes to create the 2% slope so that 
water is led to the drain inlets. The insulation layer was placed above the waterproofing 
membrane, and this is called Inverted Roof Membrane Assembly (IRMA). It is a common 
order of roof layers for green roof installations. The advantage of this method is that the 
insulation boards protect the waterproofing membrane from damage during construction and 
from corrosive effects of the roof elements. The material of insulation boards employed on the 
ASLA roof is an extruded polystyrene, closed-cell foam that is commonly used in on-structure 
landscapes due to its lightweight, high compressive-strength values, and high water resistance. 
They were perfect for filling up the empty space under the waves and for creating the 2% tilting 
plane. Therefore, insulation and construction of the topography on the roof were achieved at 
the same time (Figure 3-8 (a) and (b)). 
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(a)                                                                 (b) 
Figure 3-8 (a) Insulation boards fill up the empty space under the waves; (b) Tapered insulation 
covering the whole roof was laid on top of the root barrier 
 
Aeration and Drainage Mat 
The entire plane of the insulation layer was covered with an aeration and drainage mat (Figure 
3-9 (a)) that creates an airspace which is 6.35 mm (1/4 in.) wide. In fact, there is another 
drainage mat just below substrate layer (except areas below the waves) and the majority of 
rainwater is held and drained by that layer. However, some water and moisture will travel to 
the waterproofing and insulation layers. Standing water reduces the roof’s overall insulation 
capacity. Therefore, this aeration layer is of essence to enhance airflow and to dry out layers 
below.  
 
    
(a)                                          (b)                                              (c) 
Figure 3-9 (a) Aeration and drainage mat laid over insulation boards; (b) 25.4 mm water-
retention and drainage mat;  (c) 63.5 mm water-retention and drainage mat filled with expanded 
shale (over stair tower and elevator shaft) 
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Water retention and Drainage Mat 
In all planting areas, another larger water-retention and drainage layer was placed over the 
aeration mat. When rainwater percolates down from the growing soil, the drainage mat stores 
some of the water and drains the excessive which flows to the drain inlets from west to east 
alone the 2% pitched roof. This mat has an egg crate shape, where the egg crates generate water 
storage capacity that plant roots can tap into (Figure 3-9(b)).  
The water retention and drainage mat is 25.4 mm (1.0 in.) thick. However, over the stair tower 
and the elevator shaft where the soil layers are deeper, the mat is thicker (63.5 mm (2.5 in)) 
and the cups are filled with expanded shale (45% shale and 55% air) that prolongs the moisture 
period of the reservoir and serves as a more stable source of water to the roots (Figure 3-9(c)). 
There is no this water retention and drainage mat on the waves since the cups cannot hold water 
on the high gradient surfaces. On the waves, the aeration mat carries excess water down the 
slopes.  
               
Filter Fabric 
Between the water retention/drainage layer and the soil layer, there is a filter fabric (Figure 
3-10(a)). Only roots can penetrate this layer and reach to the water stored in the egg crates.  
 
                           
(a)                                                                   (b) 
Figure 3-10 (a) Filter fabric; (b) Growing medium on the stair tower 
 
 Growing medium 
The arrangements of soil layer thickness are as follows:  
- Elevator shaft 609.6 mm (24 in.) 
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- Stair tower 304.8 mm (12 in.) 
- North wave 152.4 mm (6 in.) 
- South wave 101.6 mm (4 in.) 
- Planting below grates 76.2 mm (3 in.) 
- Other planting areas on the terrace 76.2 mm (3 in.) 
The soil mixes are proprietary that are composed of a lightweight aggregate, expanded shale, 
and some compost. Two different mixes were used in different planting areas depending on the 
soil thickness. The soil mix used over the elevator shaft and the stair tower contains slightly 
more organic materials (from 6 to 12%) and a higher fraction of fine particles. This mix is 
heavier and has a higher water-holding capacity so that the larger plants in these areas can have 
enough moisture. Figure 3-10(b) shows the soil used on the stair tower.  
Similar to soils used on other green roofs, the ASLA roof employed a specially formulated 
manufactured blend, containing independent ingredients that were mixed together according to 
the design requirements and experiences of the manufacturers. According to individual design 
objectives and roof load capacity, soil ingredients can be oven-baked expanded aggregates, 
volcanic rocks, recycled brick, or those available locally.  
 
Slope-Stabilization net and erosion blanket 
Rooftops are exposed to tougher weather conditions – direct sun radiation, strong wind and 
rain. The South and North waves are steep slopes with greatest slope of 33%. The granular soil 
is very likely to be washed down with rainwater flows. Two measures were taken to prevent 
erosion of the substrate layer – applications of a permanent slope-stabilization net and a 
degradable erosion blanket on the surfaces of the two waves. A slope-stabilization net is used 
due to the fact that even plant roots that are fully established will not be able to sufficiently 
stabilize the slopes. The slope-stabilization net is a cellular confinement system made of 
polyethylene and anchored by steel cables (Figure 3-11 (a) and (b)). The net has a similar depth 
to the soil depth and is comprised of diamond-shaped pockets of 152.4 mm (6 in.) by 152.4 mm. 
These pockets are filled with the soil. The polyethylene sheets are perforated to allow water to 
drain downhill. The erosion blanket (Figure 3-11 (c)) was then laid over the growing medium 
of the two waves to prevent surface erosion just after installation before plants can fully cover 
the surface. The blanket was a degradable thin straw mat with natural fibre reinforcement.  
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(a)      (b)       (c) 
Figure 3-11 (a) Filling the slope-stabilization net with growing soil; (b) Steel cables tie down 
slope-stabilization net; (c) Erosion blanket covered the soil-filled slope-stabilization net  
           
Plants 
All the plants for the roof were planted as plugs or larger. The plants planted in each sections 
are listed in Table 3-1.  
Elevator shaft: The planting area above the elevator shaft has the deepest soil layer on the roof. 
It provides the room for roots of taller plants and a trumpet vine that grows over the metal 
trellis installed on the stair tower. Tall shrub (Flame sumac) was chosen rather than tall trees 
due to the fact that large trees would be prone to falling during winds.  
Stair tower: This planting area with 304.8 mm (12 in.) deep soil is also intensively planted, but 
with short shrubs up to 1,219 mm (4 ft.) high.  
South wave: The steep slopes result in non-uniform moisture conditions on the two waves – 
dry on crest and moist on toe; and also create different sun exposure of the waves. Perennials 
native to the region, low–growing succulents of the American West and one native sedum from 
Pennesylvania (Sedum telephioides) were tested on the thinner South wave. These plants were 
selected since they can be typically found on rocky outcrops and talus slopes where the 
conditions are comparable to these on rooftops. Most of the planted native sedums were nearly 
wilted. The prickly pear cactus on the crest of the wave and the perennials (Phlox subulata, 
Silene caroliniana) were in a good health. South wave is one of the hottest planting areas on 
the roof shown by the radiation and temperature measurements. Even weeds did not spread on 
the wave but they did in other open areas. The severely distressed native sedums were 
eventually replaced with more drought-tolerant succulents (Sedum album, Sedum reflexum, 
Sedum spurium, Sedum cauticola, Sedum sexangulare, Sempervivum tectorum, Orostachys 
boehmeri, Sedum floriferum). Most of them are from Europe. Instead of planting plugs, mature 
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plants that had grown in the green roof substrate were transplanted to the roof to reduce the 
shock of environment change.        
North wave: The 152.4 mm (6 in.) deep soil allowed the testing of perennial plants. CDF and 
MVVA planned a combination of drought-tolerant prairie species, Great Plains species, high 
desert species, and chryptophytes. It was intended that the North wave has a prairie-like 
appearance and forms a sharp visual contrast to the low-growing plants on the South wave that 
are typical of green roofs. The highest grasses and perennial growing on the crest of the wave 
can be seen from the street. Succulents from Europe that were tested and tried enhance the 
appearance of the prairie mix. Narrow strips of plants along the vertical edges did not do well 
and were replaced with the same hardy succulent mix that is planted on the South wave.  
Terrace with grates: The plants below the grating are a blend of tried sedum species. The clear 
space from top of the soil to the underside of the grate is about 76.2 mm (3 in.). The sedums 
selected suit an environment that includes a metal grate that would get hot in the sun, but only 
allows a certain amount of sunlight through. The sedums are tall enough to occasionally poke 
through, but not so tall that they would get trampled, or cooked by the grille. The overheating 
problem was solved by selecting aluminium as the grating material. This reflective metal with 
its low conductivity actually stays cooler on hot summer days than adjacent surfaces like the 
wood deck. The lower light levels do not cause problems since the selected sedums tolerate 
part-shade conditions.   
Terrace without grates: All other areas of the terrace are planted with the same succulent mix 
as that planted below the grates.  
 
Maintenance 
There were two maintenance phases for green roof plantings, the establishment phase and the 
long-term maintenance. The goal of the establishment phase, which lasted up to a couple of 
years, was to help plants to settle in and establish so that a solid and stable ground cover can 
be achieved. The long-term maintenance is to ensure the survival of the plants.  
The maintenance for the establishment phase was fairly standard and was comprised mainly of 
watering, replanting, and weeding. The majority of the rooftop relied on hand-watering or 
rainfall. Drip irrigation was applied in intensive areas over the stair tower and the elevator shaft.  
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Two oscillating sprinklers were placed temporarily in the middle of the waves to supply 
irrigation water for the extensive planting areas on the main roof. The extensive planting areas 
were planned to survive without irrigation; however, the young plants needed regular watering 
to settle in the soil in the long and dry Washington, DC, summers. To remove the weeds below 
the aluminium grates, a hand tool was used to reach weeds through the 25.4 mm (1 in.) 
openings. Less frequently, the grates were removed to remove weeds and then put back into 
place. Long-term maintenance includes annual weeding, emergency irrigation during droughts, 
and replanting if no other plants are able to cover the gap.  
 
Table 3-1 List of plants on the ASLA roof 
Elevator shaft 
Campsis radicans 
Trumpet vine 
North wave 
Sedum spurium 
Two-row stonecrop 
Phus copallina 
Flame sumac 
Eragrostic spectabilis 
Purple lovegrass 
Stair tower 
Ceonanthus americanus 
New Jersey tea 
Allium schoenoprasum 
Chive 
Comptonia peregrine 
Sweet fern 
Bouteloua gracilis 
Blue grama grass 
Rhus aromatic 
Fragrant sumac 
Allium cernuum 
Nodding onion 
Rosa Carolina 
Pasture rose 
Elymus virginicus 
Virginia wild rye 
South wave 
Sedum telephioides 
Allegheny stonecrop 
Achillea millefolium 
Yarrow 
Sedum sexangulare 
Watch chain sedum 
Tradescantia bracteata 
Spiderwort 
Sedum stenopetalum 
Worm leaf stonecrop 
Solidago nemoralis 
Old field goldenrod 
Sedum album 
White stonecrop 
Artemisia ludoviciana 
Silver king 
Sedum floriferum 
Stonecrop 
Coreopsis verticillata 
Thread-leaved tickseed 
Sedum spurium 
Two-row stonecrop 
Asclepias tuberosa 
Butterfly milkweed 
Orostachys boehmeri 
Sedum boehmeri 
Rudbeckia hirta 
Black-eyed susan 
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Table 3-1 (continued) 
South wave 
Sempervivum tectorum 
Hens and chicks 
Terrace 
Sedum sexangulare 
Watch chain sedum 
Opuntia humifusa 
Prickly pear cactus 
Sedum kamtschaticum 
Kamtchaticum sedum 
Silene caroliniana 
Wild pink 
Delosperma nubigenum 
Ice plant 
Phlox subulata 
Moss phlox 
Talinum calycinum 
Fameflower 
North wave 
Delosperma nubigenum 
Ice plant 
Sedum reflexum 
Spruce-leaved stonecrop 
Talinum calycinum 
Fameflower 
Sedum spurium 
Two-row stonecrop 
Sedum album 
White stonecrop 
Sedum spurium 
Two-row stonecrop 
Sedum floriferum 
Stonecrop 
Sedum spurium 
Two-row stonecrop 
Sedum reflexum 
Spruce-leaved stonecrop 
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Owner/Developer: Soka-Bau 
Location: Wettinerstrasse 7, Wiesbaden, Germany 
Landscape budget: €5,000,000 
Completion date: 2003 
Landscaped area: 34,000 m2 (100% covers the total 
site area) 
Architect: Herzog + Partner, Munich 
Landscape architects: Latz+Partner, Ampertshausen 
(design); Latz+Riehl, Kassel (construction 
documents and contract administration) 
Green roof contractors: Fa. A. Fichter, Dreieich 
(new building A and B); Fa. Dachland, Mainz 
(building C) 
3.4 Soka-Bau green roof 
 
Figure 3-12 Google image of Soka – Bau green roofs (Google Earth, 2015) 
 
Description 
Soka-Bau is an administrative building complex. The Soka-Bau green roof consists of 
extensive green roofs and intensive green roofs. The extensive green roofs cover the upper 
levels of the office blocks (B in Figure 3-13), as well as the renovated building (C) and the 
kindergarten (D). Intensive green roof areas are boxwood bands, terrace, and courtyards (A in 
Figure 3-13, also see Figure 3-14). The information and figures presented in this section 
(Section 3.4) are from (Ngan, 2004) unless otherwise indicated.   
 
 
Figure 3-13 Schematic site plan  
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Figure 3-14 Elevation view of one of the newly built buildings (Herzog, 2006) 
           
Introduction 
The primary goal of the project was to provide an optimal working environment. The complex 
was also aimed to achieve a long life and be suitable for the company’s own use as well as for 
leasing out to other service companies. The architects and landscape architects thoroughly 
inspected the site and analyzed the potential effects of sun, wind, and other relevant climatic 
conditions on the buildings. The special design solutions applied plants to create optimal 
functions of solar shading, passive air conditioning, natural light penetration and air ventilation.  
The complex comprises the renovated former administrative building with enclosed courtyards 
(C in Figure 3-13), a kindergarten (D), and newly constructed buildings (A and B). The ground 
level concourse (A) runs through the new construction, and on which sit the four office blocks 
(B). East to the concourse is underground parking space, and west to the concourse is where 
four underground cisterns are located. The total storage capacity of the cisterns is 
approximately 2,700 m3, which collects rainwater from the roof areas and terraces. This 
excessive water is filtered and treated almost to the standard of drinking water. During dry 
periods, planting areas are watered entirely from the cisterns (Ngan, 2004, Herzog, 2006).  
 
Components and design 
Extensive green roofs 
The extensive green roofs cover the office blocks (B), renovated building (C) and the 
kindergarten (D), and are not accessible to the public or the building occupants. The green roofs 
serve several ecological functions, such as stormwater retention and detention, improve urban 
biodiversity, and help extend the life of the roof waterproofing membrane by protecting it from 
UV radiation, temperature extremes and mechanical damage. A weather station installed on 
Boxwood bands
Terrace
Extensive green roofs 
Terrace 
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one upper roof measures climate variables. A central computer stores and analyses the 
measured data, and the rainfall data automatically control the irrigation system.  
The planting design is a gentle – furrow approach that is to place furrows diagonally to the 
building. The substrate depths are 100 mm in the valleys and 150 mm at the ridges. Sedum and 
other low-growing plants are planted in valleys and slightly larger plants (iris, wildflowers, 
grasses and aromatic herbs) are planted on the ridges. Between the plants, 15,000 bulbs were 
added, and several volunteering moss species established themselves.  
 
 
Figure 3-15 The extensive green roof (single-layer construction) cross-section  
 
Single-layer construction method was used to construct the extensive green roofs (Figure 3-15), 
which combines the growing medium and the drainage layer. It means that the growing 
substrate has relatively high porosity that allows rapid drainage of water.  
The soil mix adopted for the extensive green roofs is the one that had been successfully used 
by German landscapers for more than 10 years. The compositions are lava rock, pumice and 
zeolite with a particle size distribution of 1–10 mm. It does not contain any organic material, 
which offers several advantages over soil that is high in organic matter. The soil mix will not 
decompose over time and the particle size distribution remains relatively constant. It does not 
produce any slump after installation and compression. The composition can regulate pH, and 
has a high cation-exchange capacity, low dissolvable-salt content, and a high nutrient retention 
capacity. It is also a silica-buffering system. Water passed through these green roofs after 
application of fertilizer was tested at a laboratory and found that the runoff quality conformed 
to the drinking water quality. Due to strong wind on the roofs, the substrate also conforms to 
requirements to resist wind uplift forces. The soil composition is also highly frost-resistant with 
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limited physical weathering and hydraulic changes. This is to prevent the reduction in 
permeability of the substrate.  
A protection layer was placed directly below the soil layer which over lays the waterproofing 
membrane. The waterproofing membrane also acts as a root barrier layer.  
 
Intensive Green Roofs 
Boxwood bands 
Boxwood was planted in curvilinear bands (Figure 3-16  (a)) that are located on top of the 
concourse which connects the office blocks. The swirling boxwood hedges are used to reduce 
the effects of air turbulence since this area is subject to the turbulence. Roses complement the 
spiralling pattern which represents turbulence. The arabesque-filigree appearance can be 
viewed from the offices above. The design was a result of collaboration between the landscape 
architect and the specialist from Great Britain who used a wind channel to test the building and 
the plant structures.  
 
         
                    (a)     (b)      (c) 
Figure 3-16 Photos of the Soka-Bau green roofs (a)Boxwood bands; (b) Courtyards; (c)Terrace 
(Hui, 2009) 
 
Courtyards 
Courtyards are located one level below the boxwood bands that can be viewed from above or 
from adjacent meeting rooms. The design includes colourful gravel walkways, some taller 
plants (Kousa dogwood, ferns and other woodland plants), and sculptures of stacked limestone 
(Figure 3-16 (b)). 
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Terraces 
There are terraces to the east and the west sides of the concourse on the same level as the 
courtyards (the location can be seen in Figure 3-14). Fine gravel surfaces of different colours 
are divided by curved metal bands. Along the curves, there are boxwood hedges which 
gradually inclined upwards as if they bend towards the light. These hedges provide a similar 
function of the swirling boxwood bands that they can buffer the wind that travels from the 
southwest towards the northeast. However, the arrangements of the boxwood are different in 
both locations because the wind force is smaller on the terraces. Bulbs and other low-growing 
species were sparsely planted that come and go with the seasons.  Shade-tolerant species such 
as geranium were planted in shaded areas (Figure 3-16 (c)). 
 
 
Figure 3-17 The cross-section of the intensive green roofs 
 
The soil mix is composed of lava rock, pumice and zeolite with a particle size distribution of 
0-8 mm. Different to the soil used in the extensive system, the soil mix for intensive green 
roofs contains organic materials of steer manure and green compost which is 6.5% of the mix 
by weight. It exhibits many characteristics that are similar to the extensive growing medium, 
but it has higher water and nutrient retention capacities, and supports larger plants. The system 
has a non-woven filter layer below the substrate. Below that there is a geotextile drainage layer 
which overlays a protection layer. At last, there is a waterproofing membrane which also acts 
to prevent roots from penetrating the roof structure (Figure 3-17).  
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Maintenance 
The water collected in the cisterns can support the entire irrigation system. Three different 
irrigation systems are used at Soka-Bau. Along the hedges, there are soaker hoses. Each tree 
has a ring of soaker hose around it. Between the hedges and on the extensive roofs, spray 
sprinkler system is used. On the extensive green roofs, irrigation was only required during the 
establishment period and after that irrigation is only used during severe drought periods. 
The spray sprinklers installed at the boxwood bands and terraces are not for plant survival since 
the soaker hoses provide enough water. They are there to create a fresh and cool microclimate. 
The sprinklers are turned on early in the morning to create the valley inversion effect. So when 
employees come to work, they can enjoy the refreshed envrionment. 
A highly qualified gardener is hired to take care of the plants. The maintenance job is quite 
intensive. There are kilometres of hedges need to be pruned, and about 200 species and 90 
varieties of plants need to be taken care of. The gardener followed a strict, weekly weeding 
schedule during the establishment period. This weeding frequency was then reduced to four or 
five weeding sessions per year. Some larger plants, such as trees and shrubs have to be heavily 
pruned to comply with the design that only supports limited weight and wind load. Integrated 
pest management is employed, such as releasing natural predators to avoid the use of chemical 
pesticides. A chemical fertilizer is applied every three months to the boxwood hedges and 
chicken manure is also applied on a yearly basis.   
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3.5 Victorian desalination project green roof 
 
Figure 3-18 Top view of the Victorian desalination project green roof (Fytogreen, 2015b) 
 
Description 
The extensive green roof installed in the Victorian desalination project is the largest in the 
southern hemisphere, with access only for maintenance. The green roofs cover a number of 
buildings of the process plant with an area of 26,000 m2. The roofs have undulating slopes, 
pitched from 3.5° to 20°, to hide the industrial buildings from the surrounding public areas. 
With the green coverage, the desalination plant visually blends in with the surrounding coastal 
scenes (Growing Green Guide partners, 2014).  
 
Introduction  
The Victorian desalination plant (VDP) was delivered as a public private partnership project. 
AquaSure is contracted by the Victorian State Government to finance, design, build, operate 
and maintain the VDP for a period of 30 years (AQUASURE, 2015). AquaSure consists of 
Suez Environment, Degremont, Thiess and Macquarie Capital Group (WT PARTNERSHIP, 
2014). Thiess Degremont Joint Venture was the design and construction contractor for 
AquaSure, ASPECT Studios was the designer of the green roof, and Fytogreen Australia is the 
green roof contractor who provides technical design, installation and maintenance (Growing 
Green Guide partners, 2014).   
The VDP provides a source of supplementary water, which is rainfall independent, to the 
existing catchments in Melbourne, Geelong and some regional areas. The plant consists of 29 
buildings including the reverse osmosis building, which is capable of supplying flexible 
amounts of water ranging from 0 to 150 billion litres a year with the capability of expanding to 
Owner/Developer: Victorian State Government 
and AquaSure 
Location: Lower Powlett Road, Wonthaggi, 
Victoria 
Landscape budget: AUD$4,000,000 
Completion date: 2012 
Landscaped area: 26,000 m2 
Architect: peckvonhartel pvh, ARM Architecture 
Landscape architects: ASPECT Studio 
Green roof contractor: Fytogreen 
Architect, structural, and hydrologic engineering: 
Beca 
Civil engineering: Parsons Brinkerhoff 
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200 billion litres a year (AQUASURE, 2015). The desalinated water is delivered from the 
private sector to the State Government owned water authorities, who will then deliver this water 
to households (Growing Green Guide partners, 2014).  
The application of the extensive green roofs to the VDP intended to mitigate the visual impact 
of the plant on the surrounding sensitive natural costal site near Wonthaggi in Southern 
Gippsland. Other benefits that the green roofs could afford were also considered in the design, 
including enhancing biodiversity, improving the thermal performance of the buildings, 
minimizing the noise from the plant, and protecting the actual roofs from harmful effects of 
solar radiation (Growing Green Guide partners, 2014).  
 
Design and components 
The extensive green roofs have a saturated dead load of 143 kg/m2. Figure 3-19 clearly shows 
the layers of the VDP extensive green roofs. The building is a steel frame structure. The roof 
deck is made of timber ply. 
 
Waterproofing 
Sika Sarnafil provided the material for the waterproofing layer, which is ‘G series’ polymeric 
sheet. The membrane is thermoplastic. The seams and flashings were welded together using 
automatic hot-air welder to create one monolithic layer of waterproofing membrane which 
resists moisture and water penetration (Sika, 2012).  
 
Fytofoam 
Then there is a layer of Fytofoam, provided by Fytogreen, which is a unique amino-plastic 
substrate material with an open cell structure which readily absorbs water and nutrients for 
plant use. Figure 3-20 shows Fytofoam was applied as a layer in another project (Fytogreen, 
2015a).    
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Figure 3-19 The VDP extensive green roof components (ASPECT Studios, 2015) 
       
 
Figure 3-20 Layer application of Fytofoam (the picture is not the VDP project) (Fytogreen, 
2015a) 
 
Drainage layer 
Above the Fytofoam, there is a layer for drainage purpose, which is Atlantis 20 mm Flo-Cell 
(Figure 3-21 (a)).  
 
                               
(a)                      (b) 
Figure 3-21 The green roof components (a) 20 mm Flo-Cell (Atlantis, 2015); (b) Bidmen A14 
(GEOFABRICS, 2015) 
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Filter layer 
Bidim A14 from Geofabrics (Figure 3-21(b)) was laid above the drainage layer to prevent soil 
from being wahsed down with rainwater (Growing Green Guide partners, 2014).   
 
Geoweb Cellular Confinement 
The majority of the living roof was constructed on slopes less than 15°, and requires no sheer 
protection. However, 650 m2 of the green roof was installed on slopes greater than 15°, which 
made necessary the application of Geoweb cellular confinement system to stabilize the soil and 
the vegetation (Figure 3-22). The Geoweb cellular confinement system selected consists of the 
150 mm deep Geoweb cells; 10 kN/m tendons placed in every second cell running down the 
slopes across the slopes; and the ATRA keys for connecting the adjoining panels along their 
longitudinal edges (GEOFABRICS, 2012). A stainless steel mesh is applied in areas subjected 
to the highest wind speeds. These strong winds create a twin vortex effect where the combined 
lateral forces and vertical uplift would risk dislodging the substrate ballast layer. The essential 
role played by the mesh is to mitigate the insurance risk during the vegetation establishment 
period. After that period, the plants are expected to ameliorate wind uplift (Growing Green 
Guide partners, 2014).      
 
 
 
           
Figure 3-22 Geoweb Cellular Confinment System in place on the VDP roof (GEOFABRICS, 
2012) 
 
Soil layer 
The substrate layer is 80 mm deep, and the soil mix was provided by Fytogreen. Where there 
is Geoweb cellular confinemet system, growing media stored in bulk bags was lifted above the 
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system by a mobile crane which was then spread by the Fytogreen installation team and foot 
compacted (Growing Green Guide partners, 2014, GEOFABRICS, 2012).   
 
Vegetation layer 
Species planted on the roof were carefully selected. Table 3-2 lists all the plant varieties planted 
on the VDP green roofs.  The planting site is a windy and temperate coastal environment. In 
2009, Fytogreen constructed a test green roof on a nearby site to select the species based on the 
species’ response to the windy and high temperature fluctuation conditions, and to test planting 
patterns that would enhance the thrive of the plants. Plants, indigenous to the area, were the 
focus of the testing. Seeds were collected within 40 km of the site (Growing Green Guide 
partners, 2014).    
 
 
Figure 3-23 The plants on the VDP roof (Fytogreen, 2015c) 
 
Maintenance 
A sub-soil irrigation system is used for the VDP green roofs, which was designed by Netafim, 
and installed by Fytogreen. The automatic drip irrigation system includes a weather station to 
ensure the irrigation is applied at the right time and right amount. Data used are the amount of 
rainfall and evaporation. Irrigation water is collected from 37,000 m2 roof area, and is stored 
in a 0.5-megaliter pond. In addition to the collected water, 600 litres of process sampling water 
per hour is available from the desalination process plant. The fertilizer used is a 12-14 months 
controlled-release low phosphorus Osmocote (Growing Green Guide partners, 2014).  
Fytogreen is the contractor for five years to maintain the green roofs. The VDP project is high 
profile and is expected to provide high aesthetic values, therefore maintenance standards were 
specified in the contract, including at least 95% of vegetation coverage, and no more than 5% 
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of weeds. Fytogreen visits the site as necessary to meet the standards, and visually inspects 
plant health to ensure that irrigation and nutrients are sufficient (Growing Green Guide partners, 
2014).  
 
Table 3-2 Plants on the VDP roofs 
Acaena novae-zelandiae 
Bidgee-widgee 
Gonocarpus tetragynus 
Common Raspwort 
Actites megalocarpa 
Dune Thistle 
Goodenia ovata 
Hop Goodenia 
Apium prostrata 
Sea Celery 
Lomandra longifolia 
Basket Grass 
Ficinia nodosa 
Knobby Club-rush 
Olearia axillaris 
Coastal Daisybush 
Carpobrotus rossii 
Pigface 
Rhagodia candolleana ssp. Candolleana 
Seaberr y Saltbush 
Correa alba 
White Correa 
Senecio spathulatus 
Dune Groundsel 
Correa reflexa 
Native Fucshia 
Stylidium graminifolium 
Grass Triggerplant 
Dianella admixta 
Spreading Flax-lily 
Tetragonia implexicoma 
Bower Spinach 
Dianella brevicaulis 
Coast Flax-lily 
Threlkeldia diffusa 
Coastal Bonefruit 
Dichondra repens 
Kidney Weed 
Ozothamnus turbinatus 
Coast Everlasting 
Disphyma crassifolium ssp. Clavellatum 
Rounded Noon-flower 
Chrysocephallum apiculatum 
Common Everlasting 
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Chapter 4 Modelling 
4.1 Introduction 
The crop coefficient – reference evapotranspiration (Kc ET0) approach, described in detail in 
the Food and Agriculture Organization (FAO) of the United Nations (UN) Irrigation and 
drainage Paper 56 (FAO-56) (Allen et al., 1998), is used to calculate the crop 
evapotranspiration (ETc). Kc is the crop coefficient, and ET0 is the reference evapotranspiration. 
Allen et al. (1998) recommended the use of the FAO-56 Penman-Monteith (PM) method as the 
sole standard method to estimate ET0 due to the fact that the method generally provides 
reasonable results in a wide range of locations and climates (Suleiman et al., 2007, Allen et al., 
1998, Oliveira and Yoder, 2000). According to Suleiman et al. (2007), several studies 
demonstrated that the FAO-56 PM method can produce relatively accurate daily, monthly, 
annual, and peak ET0 values for multiple humid locations in the southeastern USA. The FAO-
56 PM equations predict ET0 from a reference surface, which is defined as “a hypothetical 
reference crop with an assumed crop height of 0.12m, a fixed surface resistance of 70 s/m and 
an albedo of 0.23” (Allen et al. 1998, Chapter 2). The reference surface is similar to an 
extensive green grass surface which has uniform height, completely shading the soil surface, 
with adequate water and actively growing. Standardized equations for computing parameters 
in the FAO-56 PM method are given in the FAO-56 document (Allen et al., 1998).   
Pereira et al. (2015) described that Jensen in 1968 firstly fully implemented the concept of crop 
coefficient – reference evapotranspiration. This concept was then further developed by other 
researchers, such as Doorenbos and Pruitt (1977), and Allen et al. (1998) (Ko et al., 2009). The 
effects of the features that distinguish a field of crops from the reference surface are 
incorporated into the empirical Kc. The four primary characteristics integrated in Kc are crop 
height (affects aerodynamic resistance term in the PM equations and the turbulent vapour 
transfer from the crop into the atmosphere); albedo of the crop-soil surface (affects the net 
radiation on the surface, and is affected by the proportion of the ground covered by plants and 
the wetness of the soil surface), canopy resistance (affects the surface resistance, and is affected 
by the number of stomata, age and condition of the leaves, and the level of stomatal control) 
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and evaporation from soil, particularly exposed soil (Allen et al., 1998, Allen et al., 2005b, 
Rosa et al., 2012). 
There are two primary approaches in the FAO-56 document for calculating ETc from ET0, 
namely single crop coefficient approach which combines the effects of soil evaporation and 
crop transpiration into a single coefficient (Kc); and dual crop coefficient approach which split 
Kc into Ke and Kcb to account for the effects of evaporation from soil and transpiration from 
crops separately. Dual crop coefficient approach is the adopted approach for the current project 
since it is more suitable for research, real time irrigation scheduling, high frequency water 
application, and detailed soil and hydrologic water balance studies. It allows more accurate 
estimations of daily ETc (Allen et al., 1998). FAO-56 method thereafter refers to FAO-56 dual 
crop coefficient method.  
The FAO-56 method has been accepted in a wide range of applications, such as crop water use 
estimation, and irrigation scheduling, e.g. Allen, 2000, Inman-Bamber and McGlinchey, 2003, 
Hunsaker et al., 2005, Allen et al., 2005a, and Wood and Finger, 2006 (Silva, 2012, Greenwood 
et al., 2009). Pereira et al. (2015) and Hunsaker et al. (2003b) stated that the estimates produced 
by the method compared well with the field observations for annual crops, some perennials and 
vine and tree crops, e.g. Hunsaker, 1999 (cotton); Hunsaker et al. (2002), (2003a) (alfalfa); 
Howell et al., 2004 (cotton); Bodner et al., 2007 (cover crop); Greenwood et al., 2009 (forages); 
López-Urrea et al., 2009 (onions); Er-Raki et al., 2010 (olive orchards); Odhiambo and Irmak, 
2012 (soy beans); Zhang et al., 2013 (winter wheat and summer maize); and Paredes et al., 
2014 (maize).   
In many western U.S. states and around the world, ground-based weather station network, such 
as the California Irrigation Management Information System (CIMIS) (State of California 2015; 
http://www.cimis.water.ca.gov/) and the Arizona Meteorological Network (AZMET) (Arizona 
Board of Regents 2015; http://cals.arizona.edu/azmet/az-about.htm), have been installed to 
estimate daily ET0 values for assisting in crop coefficient irrigation scheduling (Hunsaker et 
al., 2007). In Australia, the Bureau of Meteorology (BoM) provides ET0 and weather data in 
various locations within the country to support the calculation of ETc. The parameters provided 
by the BoM and used in the calculation of ETc in this study are listed in Table 4-1.  
This chapter will describe the FAO-56 method that calculates evaporation and 
evapotranspiration. After introducing equations of the FAO-56 method, one important 
extension to this method is explained and modifications made to this method for rooftop 
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farming application are also discussed. Then, detailed procedure for implementing the FAO-
56 method, its extension and the modifications in MATLAB is presented. Finally, limitations 
of the FAO-56 method are considered. 
 
Table 4-1 Parameters from the BoM used in the FAO-56 method to calculate ETc  
Abbreviated headings Meaning 
Evapotranspiration (mm) BoM calculated ET0 using FAO-56 Penman-Monteith method 
Rain (mm) Precipitation in the 24 hours to 9 am (P) 
Minimum Relative Humidity (%) Daily minimum relative humidity (RHmin) 
Average 10 m wind speed (m/s) Average wind speed measured 10 meters above ground level (uz) 
 
4.2 Dual crop coefficient approach 
This section describes the FAO-56 method. With this method, the crop evapotranspiration ETc 
is evaluated in terms of ET0 as follows:  
ETc = (Kcb + Ke) ET0                                (4-1) 
where Kcb represents the ratio of ETc to ET0 under conditions when the evaporation layer is dry 
(nearly no evaporation occurs), but the average soil water content of the root zone is sufficient 
to support transpiration to reach a potential rate. In this context, Kcb ET0 represents primarily 
the transpiration component of ETc (Allen et al. 2005; Rosa et al. 2012). Following wetting 
events of precipitation or irrigation, most of the evaporation occurring from soil is represented 
by the soil evaporation coefficient, Ke. Ke describes direct evaporation from the soil surface. 
The FAO-56 method assumes Ke is calculated for the fraction of soil surface that is both wetted 
and exposed (not covered by crops), few, as shown in Figure 4-1. Soil evaporation usually does 
not occur uniformly over a cropped field with incomplete ground cover. Evaporation is 
typically greater between the crops where exposure to sunlight and more air ventilation occurs. 
The procedure presented in the FAO-56 document predicts a general averaged few. It is assumed 
that most of the diffusive evaporation from the soil below the crop canopy is included in Kcb. 
That is why under basal/minimum conditions, Kcb is usually not set to zero during a growing 
cycle (Allen et al., 1998).  
Kcb is multiplied by Ks, which is the stress reduction coefficient to account for soil water stress, 
which ranges from 0 to 1. The FAO-56 method then becomes Eq.(4-2).  
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where ETc adj is the actual crop evapotranspiration adjusted for crop water stress [mm]. T is the 
transpiration component [mm] and E defines the evaporation component [mm].  
 
 
Figure 4-1 Schematically showing the soil fraction where direct evaporation occurs (few), the 
soil fraction that is covered by plants (fc), evaporation zone which is Ze deep, root zone which 
is Zr deep, evaporation (E) and transpiration (T) 
 
Principle equations used in this study to calculate ETc adj and irrigation requirement are 
described below.  
4.2.1 The basal crop coefficient, Kcb 
As a crop grows, the fraction of covered soil surface, the crop height, and the leaf size vary. 
Due to the fact that transpiration changes during various growth stages, Kcb for a given crop 
will change over a growing period. The FAO-56 method divides a growing period into four 
distinct growth stages: initial, crop development, mid-season, and late season. The length of 
each growth stage for about 80 crops is listed in Table 11 in the FAO-56 document (Allen et 
al., 1998). A typical shape of Kcb curve is illustrated in Figure 4-2 for one growing period of a 
crop. 
To construct Kcb curve for a crop, three Kcb values are essential, namely Kcb ini, Kcb mid and Kcb end. 
They are Kcb values for the initial stage, mid-season stage and the last day of a growing cycle, 
respectively. These three values for various non-stressed, well-managed crops (the same crops 
listed in Table 11) in subhumid climates having average daytime minimum relative humidity 
(RHmin) of about 45%, and having average wind speed at 2 meters above ground (u2) of 2 m/s 
Transpiration 
(T) = Ks Kcb ET0 
Ze 
Zr 
Evaporation (E) = Ke ET0 
few fc 
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are listed in Table 17 in the FAO-56 document (Allen et al., 1998). If Kcb mid values from Table 
17 are larger than 0.45, Kcb mid values are adjusted using the following equation:   
     
0.3
max
 2 min 0.04 2 0.004 45 3cb mid cb mid Tab
hK K u RH                        (4-3) 
where Kcb mid(Tab) is the value for Kcb mid from Table 17 [-]. u2 is the average of the mean daily 
wind speed at 2 m above ground during mid-season period [m/s]. RHmin represents the average 
of the mean daily minimum relative humidity during the mid-season period [%]. hmax is the 
mean plant height during the mid-season period [m]. Similar adjustment is made to Kcb end when 
the value for Kcb end (Tab) is greater than 0.45 (Allen et al., 1998). Eq.(4-3) takes into account of 
the effects of difference between crops and the reference grass in aerodynamic roughness with 
varying climate (Allen et al., 2005b).  
The daily mean wind speed data available on the BoM website are measured at a height of 
10 m above ground level. To derive daily mean wind speed at a height of 2 m above ground, 
logarithmic wind speed profile equation (Eq.(4-4)) is used (for 24-hour period beginning at 
midnight) (Webb, 2010).  
 2
4.87 
ln 67.8 5.42z
u u
z
                  (4-4) 
where uz denotes averaged daily wind speed measured at a height of z [m/s]; z means the height 
of measurement of original wind speed [m].  
 
 
Figure 4-2 Schematically showing generalized shape of FAO-56 Kcb curve with four growth 
stages and the three Kcb values, and relative crop development (Allen et al., 1998, Rohrich, 
2015). 
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4.2.2 The soil evaporation coefficient, Ke 
As mentioned earlier, the majority of evaporation occurs from few. The depth of the top soil that 
is subject to drying through evaporation is Ze (= 0.1 m – 1.5 m) (see Figure 4-1) and this layer 
is termed evaporation zone. Following a wetting event, evaporation from the wet soil that is 
exposed to sunlight is presumed to occur at a maximum rate, hence Ke is also maximal, and 
subjected to the limit of Kcb + Ke ≤ Kc max, or Ke ≤ (Kc max  – Kcb). Kc max represents an upper 
limit on the evapotranspiration from any cropped surface and is imposed to reflect the natural 
constraints placed on available energy. As evaporation zone water depletion progresses, water 
available for evaporation is less and evaporation reduces in proportion to the amount of water 
remaining in the evaporation zone. This effect is accounted by using an evaporation reduction 
coefficient (Kr) as outlined in the following equation: 
Ke = Kr ( Kc max – Kcb ) ≤  few Kc max               (4-5) 
Kr [-] depends on the cumulative depth of water depleted (evaporated) from the evaporation 
zone (Eqs.(4-7) and (4-8)). Kc max stands for the maximum value of Kc following a wetting event 
(Eq.(4-6)) [-]. These terms are calculated as follows:  
    0.3 max 2 minmax 1.2 0.04 2 0.004 45 ,   0.053c cb
hK u RH K             
           (4-6) 
  1.0 ( 1)0   r eK D Ri EW   (Stage 1)              (4-7) 
  ( –   1) ( 1)er eTEW DK D REWTE
i
RE
i
W W
 
  (Stage 2)             (4-8) 
  1000 –  0.5FC WP eTEW Z                  (4-9) 
where De(i – 1) is the cumulative depth of evaporation (depletion) from the few fraction of the 
evaporation zone at the end of previous day [mm]. TEW stands for total evaporable water, 
which is the maximum depth of water that can be evaporated from the evaporation zone which 
has initially been completely wetted [mm]. θFC is the soil water content at field capacity 
[m3/m3]. θWP is the soil water content at wilting point [m3/m3]. REW symbolizes readily 
evaporable water which is the maximum depth of water that can be evaporated from the 
evaporation zone without restriction [mm]. Typical values for θFC, θWP, REW and TEW for 
USA Soil Texture Classification soil types are listed in Table 4-2.   
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A 2-stage drying cycle is used to compute Kr. Stage 1 is an energy limiting stage, and stage 2 
is a water limiting stage. Following a large wetting event, the soil water content in the 
evaporation zone is at field capacity, and accumulative water depletion in the evaporation zone 
is zero (De = 0). During stage 1, Kr = 1.0 because the soil surface remains wet and evaporation 
from the exposed soil is assumed to occur at the maximum rate limited only by energy 
availability at the soil surface. This stage holds until De reaches REW. Stage 2 starts when De 
exceeds REW. The evaporation from the exposed soil decreases in proportion to the amount of 
water remaining in the evaporation zone. Figure 4-3 shows Kr changes with De. 
 
 
Figure 4-3 Soil evaporation reduction coefficient, Kr (Allen et al., 1998) 
 
Table 4-2 Typical soil water characteristics for different soil types (Allen et al., 1998) 
Soil type (USA 
Soil Texture 
Classification) 
Soil water characteristics Evaporation parameters 
FC  W P  FC   – W P Amount of water that can be depleted by evaporation
   stage 1 REW stages 1 and 2 TEW (Ze = 0.10 m) 
 m3/m3 m3/m3 m3/m3 mm mm 
Sand 0.07 - 0.17 0.02 - 0.07 0.05 - 0.11 2 - 7 6 - 12 
Loamy sand 0.11 - 0.19 0.03 - 0.10 0.06 - 0.12 4 - 8 9 - 14 
Sandy loam 0.18 - 0.28 0.06 - 0.16 0.11 - 0.15 6 - 10 15 - 20 
Loam 0.20 - 0.30 0.07 - 0.17 0.13 - 0.18 8 - 10 16 - 22 
Silt loam 0.22 - 0.36 0.09 - 0.21 0.13 - 0.19 8 - 11 18 - 25 
Silt 0.28 - 0.36 0.12 - 0.22 0.16 - 0.20 8 - 11 22 - 26 
Silt clay loam 0.30 - 0.37 0.17 - 0.24 0.13 - 0.18 8 - 11 22 - 27 
Silty clay 0.30 - 0.42 0.17 - 0.29 0.13 - 0.19 8 - 12 22 - 28 
Clay 0.32 - 0.40 0.20 - 0.24 0.12 - 0.20 8 - 12 22 - 29 
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The fraction of soil surface from which most evaporation occurs few is calculated as follows:  
   1 – ,ew c wf min f f              (4-10)  
where 1 – fc means the average soil fraction that is exposed, which is not covered or shaded by 
vegetation (0.01 – 1) [-]. fw stands for the average soil surface fraction wetted by irrigation or 
precipitation (0.01 – 1) [-]. Typical fw values for various irrigation methods are presented in 
Table 4-3. Figure 4-4 shows the relationship among few, 1 – fc and fw for various irrigation 
methods.  
Eq.(4-10) assumes that the fraction of soil exposed includes the fraction of soil wetted by 
irrigation. This is usually the case, except maybe with drip irrigation. In case of drip irrigation, 
Allen et al. (1998) recommends a general approach that is to multiply the value for  fw for drip 
irrigation in Table 4-3 by [1 – (2/3) fc].  
 
Table 4-3 Common values of fraction fw of soil surface wetted by irrigation or precipitation 
(Allen et al., 2007) 
Wetting event fw 
Precipitation 1.0 
Sprinkler irrigation, field crops 1.0 
Sprinkler irrigation, orchards 0.7 to 1.0 
Basin irrigation 1.0 
Border irrigation 1.0 
Furrow irrigation (every furrow), narrow bed 0.6 to 1.0 
Furrow irrigation (every furrow), wide bed 0.4 to 0.6 
Furrow irrigation (alternated furrows) 0.3 to 0.5 
Microspray irrigation, orchards 0.5 to 0.8 
Trickle (Drip) irrigation 0.3 to 0.4 
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Figure 4-4 Determination of variable few (cross-hatched areas) as a function of the fraction of 
ground surface coverage (fc) and the fraction of the surface wetted (fw) (Allen et al., 1998) 
 
fc denotes the fraction of soil surface that is covered by vegetation. Thus, (1 – fc) is the fraction 
of the soil surface that is exposed to sunlight and air ventilation, which serves as the site for 
the majority of evaporation to occur from wet soil. fc can be estimated using the relationship: 
1 0.5
 min
 max  min
h
cb c
c
c c
K Kf
K K


        0   0.99cf   and   min –  0.01cb cK K            (4-11) 
where Kc min is the  minimum Kc for dry bare soil with no ground cover (≈ 0.15 – 0.2) [-]; h is 
daily plant height [m]. 
The estimation of the cumulative depletion (evaporation), and hence the estimation of Ke 
requires a daily water balance computation for the evaporation zone. The water inputs and 
outputs of the evaporation zone are shown in Figure 4-5. Figure 4-5 also describes Figure 4-3 
in a different presentation. The daily soil water balance equation for the few fraction of the 
evaporation zone is  
      
 
     (( )) ( 1) we e e eww ew
I i E i
D D P i RO i DP i T i
f i f i
i i                  (4-12) 
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where De(i) and De(i–1) represent the cumulative depth of depletion (evaporation) from few 
fraction of the evaporation zone at the end of days i and i–1 [mm]. P(i) stands for precipitation 
of day i [mm]. RO(i) denotes precipitation runoff from the soil surface on day i [mm]. Irrigation 
depth on day i that infiltrates the soil is termed Iw(i) [mm]. E(i) is the evaporation on day i 
[mm]. Tew(i) means the depth of transpiration extracted by roots from few fraction of evaporation 
zone on day i [mm]. DPe(i) is the deep percolation loss from the evaporation zone on day i if 
the soil water content exceeds field capacity [mm]. 
 
 
Figure 4-5 Water balance of the evaporation layer. The soil water content, expressed as 
depletion, fluctuates between water depth at field capacity (θFC Ze) and water depth at half of 
wilting point (0.5θWP Ze).  
 
Iw means the average infiltrated irrigation depth distributed over the entire field. Therefore, 
Iw/fw in Eq.(4-12) describes the actual irrigation depth concentrated over the fraction of soil that 
is irrigated. Similarly, E/few is the actual evaporation concentrated over the fraction of the soil 
that is both exposed and wetted. Except for shallow-rooted crops (i.e. the maximum rooting 
depth is less than 0.5 m), the amount of transpiration extracted by crop roots from the few 
fraction of the evaporation zone is small and can be ignored. Besides, for row crops, most of 
the water extracted by the roots may be from the soil beneath the vegetation canopy. Hence, in 
these cases, Tew can be assumed to be zero. When crops with the mean maximum rooting depth 
Saturation 
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Wilting point 
0.5 Wilting point 
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REW
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Kr = 1.0 
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Evaporation (E) 
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is less than 0.5 m, the extension to the FAO-56 method described in Section 4.2.4 can be used 
to estimate the portion of total transpiration that is extracted from the few fraction of the 
evaporation zone.  
One limit, which is not stated in Allen et al.’s report (1998), is imposed on E to ensure the 
evaporation zone water balance is achieved.  E(i) ≤ (TEW – De(i)) few(i), where TEW – De(i) is 
the amount of water available for evaporation in the few fraction of the evaporation zone.  
Deep percolation only happens when the soil water content exceeds field capacity. DPe is 
presumed to occur shortly after the wetting event due to the fact that evaporation zone is 
shallow (Allen et al., 2006) and is defined as:  
 ( ) ( ) ( ) ( 1) ,  
( ) ( ) 0 e w e e
w
I iDP i P i RO i D i DP i
f i
                        (4-13) 
The expression of Eq.(4-13) does not consider evaporation taking place during day i. 
 
4.2.3 Stress reduction coefficient, Ks 
When crops under soil water stress conditions, the water in the soil has a low potential energy 
and is strongly bound to the soil matrix due to capillary and absorptive forces, and can be 
extracted by crops less easily. This condition affects the ability of plants to transpire, and is 
accounted by reducing Kcb. The reduction is accomplished by multiplying Kcb by the water 
stress coefficient, Ks. So the transpiration term becomes Ks Kcb ET0. The following equations 
are used to calculate Ks:  
 
For      rD i RAW i ,  1sK                   (4-14) 
For      ,rD i RAW i rs TAW DK TAW RAW              (4-15) 
   1000 –  FC WP rTAW Z                   (4-16) 
RAW = p TAW              (4-17) 
where TAW stands for total available water in the root zone [mm]. TAW is the amount of water 
that a plant can extract from its root zone. It is the difference between the water contents at 
field capacity and at wilting point. Soil type and rooting depth decide the magnitude of TAW. 
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RAW signifies readily available water in the root zone [mm]. RAW is the amount of soil water 
a plant can extract from its root zone without suffering water stress [-]; it is a portion of TAW. 
Dr defines cumulative depletion from the root zone [mm]. Zr means rooting depth [m]. 
Maximum rooting depth, Zr max can be found in Table 22 (Allen et al., 1998) for various crops. 
p is termed evapotranspiration depletion factor and is the average fraction of TAW that can be 
depleted from the root zone before water stress is induced (0 – 1) [-]. p for various crops can 
be found in Table 22 (Allen et al., 1998).  
Water content in the root zone can be expressed as root zone depletion (Dr), which is the water 
shortage relative to field capacity. At field capacity, Dr = 0. When soil water is lost through 
evapotranspiration, the depletion increases. When Dr reaches RAW, stress will be induced. 
After Dr > RAW, the water remaining in the root zoon is not able to sustain the potential 
evapotranspiration rate and crop evapotranspiration decreases proportionally to the amount of 
water remaining in the root zone. Figure 4-6 is a graphical representation of Eq.(4-14) and 
Eq.(4-15).  
 
 
 
Figure 4-6 Water stress coefficient, Ks (x-axis is Dr) (Allen et al., 1998) 
 
To estimate Dr, a daily water balance computation for the root zone is required, and it is 
computed as follows:  
                    1 – – –( )– ,  0r r w c adj rD i D i I i P i RO i CR i ET i DP i D i TAW i     
                (4-18) 
where Dr(i) and Dr(i–1) means root zone depletion at the end of days i and i-1 [mm]. CR(i) 
indicates capillary rise from the ground water table on day i [mm]; DP(i) is the water leaves 
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the root zone by deep percolation on day i [mm]. Figure 4-7 shows the water inputs, outputs 
and Dr of root zone. Figure 4-7 also depicts Figure 4-6 in a different presentation. The dash 
line indicates root zone depletion which moves between Wilting point and Field capacity.  
Similar to the limit placed on E to ensure that evaporation zone water balance is achieved, 
ETc adj is limited to (TAW – Dr), which is the amount of water available for evapotranspiration 
in the root zone. This is to ensure that no water can be evapotranspired when depletion exceeds 
TAW.  
 
 
Figure 4-7 Water balance in root zone 
 
Applying water at the right moment and in the right amount are the primary objectives of 
irrigation scheduling. The timing and the depth of future irrigation events can be planned by 
computing the soil water balance of the root zone on a daily basis (Eq.(4-18)). Irrigation should 
be applied before or at the moment when RAW amount of water is depleted (Dr ≥ RAW) to 
avoid crop water stress. The net irrigation depth should be smaller than or equal to the root 
zone depletion (Iw ≤ Dr) so that deep percolation losses can be avoided which may leach 
relevant nutrients out of the root zone.  
Following heavy rain, the soil water content in the root zone might exceed field capacity. It is 
assumed that soil water content exceeds field capacity will drain within the same day of the 
rainfall event. It is also presumed to occur late of the day of the precipitation event. Root zone 
is relatively thick. Deep percolation from root zone occurs so slow that evapotranspiration 
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occurs during that day reduces the amount of water that contributes to the DP (Allen et al., 
2006):   
              –   –  –  1 ,   0w c rDP i P i RO i I i ET i D i DP i                 (4-19) 
Soil water will not drain and DP(i) = 0 as long as the soil water content in the root zone is 
below field capacity. 
 
4.2.4 Extension to FAO-56 dual crop coefficient method – transpiration from the 
few fraction of the evaporation zone (Allen et al., 2005b, Allen et al., 2007)  
The amount of transpiration extracted by roots from the few fraction of the evaporation zone 
(Tew) is generally negligible compared to the total transpiration. However, for annual crops with 
the maximum rooting depth less than about 0.5 m, Tew may be large, and may have significant 
effect on the water balance of the evaporation zone and therefore on the evaporation estimation. 
Allen et al. (2005b) proposed an extension to the FAO-56 method to estimate Tew, and the 
procedure is stated below. This approach is referred to as Tew Extension thereafter.   
0ew t cb sT K K K ET                           (4-20) 
0.61
 1.0
1
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         
, 1 0.001eD
TEW
  ，1  0.001rD
RAW
            (4-21) 
where Kt denotes a proportion of basal evapotranspiration (= Kcb ET0) extracted from the few 
fraction of the evaporation zone (0 – 1) [-]. Kt is determined by comparing the relative water 
availability in the Ze and Zr layers and incorporating the presumed rooting distribution. The 
ratio of transpiration extracted from the evaporation zone to total transpiration is presumed to 
be proportional to (Ze/Zr)0.6, under conditions of uniform water availability within the soil 
profile (Allen et al., 1996 cited in Allen et al., 2005b). This relationship is based on the root 
water extraction pattern for quartile rooting depths (top to bottom) of moist root zone that is 
40–30–20–10%. 
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4.2.5 Apply FAO-56 dual crop coefficient method to agricultural green roof 
systems 
In recent years, more and more green roof systems are installed in many countries. Most of the 
green roof systems are installed for their abilities to manage stormwater and to mitigate urban 
heat island effect; and for their aesthetical effects. The value of a green roof system can be 
further enhanced by planting crops instead of inedible vegetation. The environmental benefits 
brought by cropped green roof systems are similar to those brought by non-agricultural green 
roof systems (Mandel, 2013). Crops may require heavier and more frequent maintenance than 
hardy plants on non-agricultural green roofs (Hui, 2011).  
The structure of a green roof for crop gardening/farming purpose is similar to that of non-
agricultural green roof systems discussed in Chapter 3. The most common rooftop production 
methods that can use the FAO-56 method to predict crop water use are container gardening, 
raised bed production, and row farming (Mandel, 2013). The exact design and installation 
considerations of an agricultural green roof may change from site to site according to intended 
crops, position and location of the roof, structural capacity of the roof, roof access, etc.  
The differences in crop growing conditions between a rooftop and a field are weather 
conditions, soil materials, soil depth, and choices of irrigation systems. Rooftops are exposed 
to extreme weather conditions – higher wind speeds, and rapid temperature fluctuations. Soil 
materials used to grow crops depend on intended crops, owner’s choice and local availability. 
Off-the-shelf garden soil may be suitable for small-scale green roof containers. For large 
projects, owners may customize their own mix, and experiment and modify their mix over time. 
Some owners choose to use lightweight green roof media. These mixes are engineered to have 
specific porosity, water-holding capacity, saturated weight, organic content and other 
properties. The organic content is markedly lower than that contained in typical field 
agricultural soil, which means regular fertilization events will be needed. The media should be 
kept lightweight and non-compact at all time (Mandel, 2013).  
Different soil mixes, especially those contain additives to increase water-holding capacity, 
contain different ingredients which result in different θFC, θWP, and REW values and hence 
affecting evaporation and transpiration. There are values for θFC and  θWP for non-agricultural 
green roof soils that can be found in the literature (e.g. Bengtsson et al., 2005, Hilten et al., 
2008), but those soils are not proven to support crop growth and produce good yield. What’s 
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more, REW values are not provided for these soils. Therefore, the soil types in Table 4-2 are 
used in agricultural green roofs. 
In terms of soil depth, the soil layer depth available on a rooftop is likely to be less than the 
maximum rooting depth (Zr max) and hence limits Zr max. AGRSD is termed agricultural green 
roof soil depth, and Zr max ≤ AGRSD. Then, the minimum rooting depth (Zr min) should not be 
deeper than Zr max. In 2008-2009, Hui (2011) conducted a pilot study, with success, of growing 
watermelons on the roof of a primary school with only 100 mm deep soil. Field watermelons 
would extend their roots to 800 mm deep in the soil under irrigated condition (Allen et al., 1998, 
Table 22). In this case, Zr max is limited to 100 mm.  
If AGRSD is less than the Ze (= 0.1 m), Ze is limited to AGRSD. TEW is then obtained using 
Eq.(4-9). REW is read from Table 4-2, and shall not exceed TEW.  
With regard to irrigation systems, there are more types of irrigation systems can be used in 
fields than on rooftops. Border, basin and furrow irrigation methods may not be applicable on 
rooftops. For the current project, sprinkler irrigation system is used.  
Concerns arise when using ET0 values obtained from the BoM who applies the FAO-56 PM 
equations. The FAO-56 PM equations use climatological records of solar radiation, air 
temperature, relative humidity and wind speeds measured at 2 m (or converted to that height) 
above the reference surface. For estimating Kcb and Ke, Eqs.(4-3) and (4-5) use wind speed at 
2 m above ground (u2). The height of a rooftop is obviously more than 2 m above ground, 
therefore the values for these weather data on a rooftop are different from these in a field. If 
apply ET0 and u2 estimated for field conditions to rooftop calculations, evaporation, 
evaportranspiration and irrigation planning may have limited accuracy. What make weather 
parameters more complicated are that rooftops maybe protected from high wind speeds by high 
neighbouring buildings, and the applications of shade cloth and hoop houses to minimize 
temperature fluctuations.  
Shallower root zone due to limited AGRSD may lead to the modification of the equation for 
computing DP (Eq.(4-19)). In field condition, deeper root zone causes DP to take longer time 
and the loss of water due to evaportranspiration occurs during that day contributes to the 
reduction of DP. If a root zone is thin, percolation could occur soon after a wetting event 
without taking into account of evapotranspiration loss that will occur during that day. 
Consequently, Eq.(4-19) could be changed to the following expression: 
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            –   –  1 ,   0w rDP i P i RO i I i D i DP i                    (4-22) 
 
4.3 Modelling approach 
The calculation of daily ETc adj and Iw using the FAO-56 method and Tew Extension is realized 
by the applications of MATLAB and Microsoft Excel. The structure of the model is composed 
of the mathematical algorithm procedures written in MATLAB, and two database stored in 
Excel files. To run the mathematical model, relevant raw data need to be retrieved from the 
two database according to user’s preferences. This is done by user answering (in a specific 
format) questions prompted in MATLAB.   
Figure 4-8 shows the conceptual structure of the model. Box A lists user inputs required, Box 
B describes main calculation procedures, Box C lists data stored in Excel files which were 
obtained from the BoM website (underlined) for various locations and from the FAO-56 
document (not underlined). Box D lists the final parameters calculated.  
Figure 4-9 is a user-input flowchart. It gives a clear idea of the questions to be expected when 
running the model and the options that are available. More importantly, after choosing 
particular options the flowchart leads model user to the particular final parameters calculated. 
Simul_start and Simul_end are the dates when simulation starts and ends. The model gives 
options as to estimate crop evapotranspiration or evaporation from a soil surface. If evaporation 
is chosen, the user is asked to provide Place, Userinpsoil and Vege_cov. Place is the name of 
a location where a weather station is installed. Locations of weather stations installed within 
Australia can be found on the BoM website (Bureau of Meteorology, 2015). Userinpsoil 
identifies the soil type from which evaporation occurs. Vege_cov asks for the percentage of 
dead vegetation coverage during the simulation period. Soil surface maybe covered with plant 
residue, dead organic mulch, or some unharvested crop remained on or above soil surface in a 
dead or senesced condition. Evaporation is affected by this soil surface coverage. This is taken 
into account by reducing the value of TEW by 5% for each 10% of soil surface that is covered 
by dead vegetation. When no crop is planted, irrigation is not applied. After completing these 
inputs, daily evaporation is estimated.  
If user chooses to estimate daily ETc adj or schedule irrigation, crop type, planting location, and 
irrigation information need to be specified in addition to the above user inputs. Userinpcrop 
is the name of the crop that is to be planted. Where2plant is used to indicate that whether the 
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crop is planted in a field or on a rooftop. If the crop is intended to be planted on a rooftop, user 
needs to provide AGRSD. Userinpplantdate is the date in the first year when the crop is 
planted. Every year, the crop is planted on the same date. The model uses Userinpplantdate 
to find the dates of the crop growing cycles and the four crop growth stages in each growing 
cycle within the simulation periods. Vege_cov in this case asks for the dead vegetation 
coverage during non-growing periods. During growing periods, soil surface is assumed not to 
be covered with dead vegetation. User also can choose to apply irrigation or no irrigation 
(Irriga_apply_user). If irrigation is wanted, irrigation system needs to be specified through 
the user input Irrigmethod. In addition, user can specify the amount of irrigation to be applied 
when irrigation is triggered as a fraction of root zone depletion (Dr) through user input 
Irrig_quan. Finally, there is an option to implement Tew Extension or not.          
The model is limited to applications for annual crops which have the same growing cycle length, 
growth stage lengths in each growing cycle, and values for Kcb ini(Tab), Kcb mid(Tab) and Kcb end(Tab) 
each year. The BoM lists daily ET0 values and other weather data from 1/01/2009 to the present 
day. Therefore, only six growing cycles for most annual crops are able to be calculated. The 
simulation start and end dates provided by user should be long enough to encompass the 6 
growing cycles. 
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Figure 4-8 Conceptual structure of the model 
B 
Mathematical model in Matlab 
 Kcb climatic adjustment  
 daily Kcb calculation 
 Evaporation zone water balance and daily Ke calculation 
 Root zone water balance and daily Ks calculation 
 Tew calculation  
 Irrigation scheduling 
 Daily ETc adj calculation  
C 
Data stored in Excel 
 Daily ET0 
 Daily P 
 Daily uz 
 Daily RHmin 
 Length of crop growth stages 
 hmax 
 Kcb ini(Tab), Kcb mid(Tab), Kcbend(Tab)  
 θFC , θWP, REW, TEW 
 fw 
 Zr max and p 
A 
User inputs 
 Simulation start date 
 Simulate end date 
 Plant crop or not (if not, only E is calculated) 
 Place where ETc adj or E is estimated 
 What crop to be planted 
 Date to plant the crop 
 Soil to grow the crop or soil from which evaporation 
occurs 
 Percentage of dead vegetation coverage during non-
growing periods or during simulation period if only 
evaporation is estimated 
 Apply irrigation or not 
 If apply irrigation, state irrigation method 
 If apply irrigation, specify the amount of irrigation as a 
fraction of root zone depletion 
 Implement Tew Extension or not 
D 
Results 
 Daily E  
 Daily ETc adj 
 Timing and depth of 
Irrigation events 
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Figure 4-9 User-input flowchart 
Where2plant  = plant the crop in a field or on a rooftop?
rooftop field
Place = City to estimate evaporation
Plant_crop = Plant crops during simulation period? 
Simul_start
Simul_end
Yes No 
Userinpplantdate  = date to plant the crop on the first year (in the 
following 5 years, the crop will be planted on the same date)
Userinputsoil = a type of soil from which 
evaporation occurs 
Userinpcrop = a crop to be planted 
Place = City to estimate evapotranspiration
Vege_cov = Dead vegetation coverage of 
soil surface
Userinputsoil = A type of soil to grow the crop
Vege_cov = Dead vegetation coverage during non-growing 
periods 
Irriga_apply_user  = applying irrigation during growing 
periods?  
NoYes 
Irrigmethod = Irrigation method 
(Sprinkler) 
Irrig_quan = a fraction of Dr end  
Apply Tew Extension Apply Tew Extension
E 
Yes No 
E,  ETc adj, Iw E,  Tew, ETc adj, Iw 
Yes No
E,  ETc adjE,  Tew, ETc adj
AGRSD = agricultural 
green roof soil depth   
E = Evaporation 
Tew = a portion of transpiration that is 
extracted from exposed and wetted 
fraction of the evaporation zone 
ETc adj = actual crop 
evapotranspiration adjusted for water 
stress conditions 
Iw = Irrigation 
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The implementation of the FAO-56 method and the Tew Extension follows the Calculation 
example for applying the dual Kc procedure in irrigation scheduling in Annex 8, Example 38 
Irrigation scheduling to avoid crop water stress (updated version in 2006 (Allen et al., 2006)), 
and other sample calculations in Chapter 7 and Chapter 8 in the FAO-56 document (Allen et 
al., 1998) to derive relevant parameters. 
Presumptions for several parameters are made in order to proceed with the calculation using 
the FAO-56 method. All irrigation and precipitation events occur early in the morning. The 
timing and magnitude of irrigation is based on the root zone depletion at the end of previous 
day. Irrigation is triggered when the model detects RAW amount of water has depleted from 
the root zone. Surface runoff from precipitation is zero (RO = 0). It is particularly true for 
engineered soils used in green roof systems. Hilten et al. (2008) demonstrated that saturation 
of the engineered green roof soil was not observed most likely due to high hydraulic 
conductivity of the soil. Saturation was not reached indicating that there was no surface runoff. 
Capillary rise term in the water balance equations is set to zero (CR = 0). For field conditions, 
CR can be assumed to be zero when the distance between the bottom of the root zone and water 
table is more than 1 m (Allen et al., 1998). For rooftop conditions, there is no accessible water 
table in most green roof systems. However, care must be taken when egg-box drainage layer 
and water retention mat are used since their presence is to provide plants with additional water 
during dry periods.  
The MATLAB script is written in the form of functions, which made possible the choices 
available to user. Upon the request by user, relevant functions are called to be part of the 
calculation. Figure 4-10 lists all the functions in MATLAB for the calculation of 
evapotranspiration adjusted for crop water stress and irrigation planning.  
Function 1: uses the user input of Userinpcrop to extract crop growth stage lengths from 
Table 11 (Allen et al., 1998) which is stored in the Excel file.  
Function 2: uses the user inputs of Simul_start, Simul_end, and Place to extract daily values 
for ET0, RHmin, Uz, and P from the Excel file which contains parameters downloaded from the 
BoM website for several locations. The function also uses Userinpplantdate to recognize crop 
growing and non-growing periods within the simulation period, and growth stages within each 
growing period. 
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Figure 4-10 Core algorithm 
 
Function 3: uses Userinpcrop to extract Kcb ini(Tab), Kcb mid(Tab), and Kcb end(Tab) values from 
Table 17 (Allen et al., 1998) which is stored in the Excel file. If Kcb mid(Tab) and Kcb end(Tab) are 
larger than 0.45, they are adjusted using Eq.(4-3). Once the three Kcb values are determined, 
Kcb curve is constructed. Kcb values for the development and late season stages are derived by 
linear interpolation. hmax is extracted from Table 12 (Allen et al., 1998). Daily plant height, h 
is calculated using Eq.(4-23). 
Function 1: Extract crop growth stage lengths 
Function 2: Extract ET0, RHmin, Uz, and P  
Function3: Extract Kcb ini(Tab), Kcb mid(Tab), and Kcb end(Tab). Adjust Kcb mid(Tab) and Kcb end(Tab) if they 
are > 0.45 using RHmin, Uz, and hmax to obtain Kcb mid and Kcb end. Construct Kcb curve. Daily h is 
calculated for growing cycles.  
Function 4: Obtain daily Zr, Zr max, p  
Function5: Obtain θFC, θWP, TEW, REW, TAW, RAW, TEW (for surface covered with dead 
vegetation)  
Function6: Obtain Kc max, u2, RHmin, h. The 1.2 coefficient in Kc max equation is changed to 1.1 
when irrigation is applied 
Function 7: fw, few, fc calculations 
Function 8: Initial conditions to start water balance calculation in the evaporation zone:  
 De start, Kr, Ke, E, DPe, De end, RO, Tew 
Function 9: Initial conditions to start water balance calculation in the root zone: Iw, Dr start, Ks, 
Kcb adj, T, ETc adj, DP, CR, Dr end 
Function 10: Water balance calculations in the evaporation zone and root zone without 
incorporating Tew Extension: Iw, Iw(planting date) = Dr end(i–1) + TAWmax – TAW(planting 
date) + 6, De start, Kr, Ke, E, DPe, De end, Dr start, Kcb adj, T, ETc adj, DP, Dr end 
Function 11: Water balance calculations in the evaporation zone and root zone with Tew 
Extension: Iw, Iw(planting date) = Dr end(i–1) + TAWmax –TAW(planting date) + 6, Dr start, Ks, 
De start, Kt, Tew, Kr, Ke, E, DPe, De end,  Kcb adj, T, ETc adj, DP, Dr end
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A daily h value should be no less than the value for the previous day. 
Function 4: uses the user input Userinpcrop to extract Zr max and p from Table 22 (Allen et al., 
1998) stored in the Excel file. The depth of the effective root zone each day is calculated as: 
min max min
mi
( )( ) ( ) cb cb inir r r r
cb d cb ini
K i KZ i Z Z Z
K K


    , ( ) ( 1)r rZ i Z i              (4-24) 
This equation is given in Annex 8 (Allen et al., 1998). It presumes that the increase in root zone 
is proportional to the increase in Kcb. The equation indicates that Zr max is reached by the 
beginning of the mid-season stage. Annex 8 suggests that Zr min for many annual crops can be 
estimated as 0.15 to 0.2 m. Zr min represents the sum of the depth of seed placement and the 
depth of soil that may contribute water to the initial roots that extend downwards after 
germination.   
Function 5: uses the user input Userinputsoil to extract θFC, θWP, and REW from Table 4-2 
stored in the Excel file. Soil types given are classified using USA Soil Texture Classification. 
Ze, Zr min, and Zr max are limited to AGRSD. TEW, TAW, and RAW are calculated using Eqs.(4-
9), (4-16) and (4-17), respectively. REW is then limited to TEW. In this function, TEW is 
reduced using the method described above if the soil surface is covered with dead vegetation 
during non-growing periods (for evapotranspiration estimation) or during the simulation period 
(for evaporation estimation).  
Function 6: calculates Kc max using Eq.(4-6). The “1.2” coefficient in Eq.(4-6) is changed to 
1.1 when irrigation is chosen to be applied. During development, mid-season and late season 
growth stages, aerodynamic roughness of surrounding crops is increased which increase the 
turbulent transfer of vapor from the exposed soil surface. The “1.2” coefficient is used to 
account for this effect. The coefficient is also used to take into account of heat stored in dry 
soil prior to wetting events and the impact of reduced albedo of wet soil. All of these increase 
evaporation relative to the reference. The “1.2” coefficient is for wetting frequencies that are 
greater than 3 or 4 days. If wetting events are more frequent than 3 days which is usually the 
case when irrigation is applied to sustain full plant transpiration, “1.2” is reduced to 1.1 to 
account for the effects of lessened opportunities for the soil to absorb heat between wetting 
events (Allen et al., 1998).  
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Function7: uses Irrigmethod to extract fw value from Table 4-3 stored in the Excel file. 
Precipitation has fw = 1.0, and some irrigation methods have fw < 1.0. There is an uncertainty 
in determining the value for fw when there is a mixture of irrigation and precipitation occur 
within the same drying period or on the same day. Therefore, user needs to select irrigation 
method that has fw = 1.0 to overcome this uncertainty. This issue can also be overcome by 
applying the extension to the FAO-56 method (and incorporate the extension in the current 
MATLAB script), Separate Prediction of Evaporation from Soil Wetted by Precipitation Only 
described in (Allen et al., 2005b). This function also estimates fc and few. 
Function 8: initializes the parameters in the water balance equation (Eq.(4-12)) to start the 
water balance calculation in the evaporation zone. On the simulation start date, Tew and Iw equal 
to zero. Depletion from evaporation zone is calculated twice daily – one at the start of a day 
(De start) and one at the end of a day (De end). It is presumed that all evaporable water has depleted 
from the evaporation zone at the start of the water balance calculation. Kr, Ke, E, and DPe are 
calculated using Eqs.(4-7), (4-8), (4-5), (4-2) and (4-13), respectively.  
Function 9: initializes the parameters in the water balance equation (Eq.(4-18)) to start the 
water balance calculation in the root zone. Similar to evaporation zone water balance 
calculation, root zone depletion is calculated twice daily – one at the start of a day (Dr start) and 
one at the end of a day (Dr end). On simulation start date, no crop is planted. Therefore, all the 
parameters involved in evapotranspiration estimation (Ks, Iw, Dr start, Ks, Kcb adj, ETc adj, DP, CR, 
Dr end) are zeros.   
Function 10: calculates water balance in both evaporation zone and root zone without 
implementing Tew Extension. The equations used to calculate the water balance in both zones 
are the same as those described in Sections 4.2.1, 4.2.2 and 4.2.3. Evaporation zone depletion 
and root zone depletion are both calculated twice daily – De start(i), De end(i), Dr start(i) and 
Dr end(i). De start(i) is calculated as the following,  
   ( )max ( ) ( ) ( )( ) ( 1) we start e end w
I iD D Pi i i RO i
f i
      
                  (4-25) 
Eq.(4-25) assumed that wetting events occur at the start of a day, therefore depletion at the start 
of a day includes precipitation and irrigation terms.  
Chapter 4 Modelling 
4-25 
 
Kr calculation (Eqs.(4-7) and (4-8)) involves De, which are De start. De end(i) is the same equation 
as Eq.(4-12), where De(i) and De(i–1) are De end(i) and De end(i–1), respectively. Tew in Eq.(4-12) 
is assumed to be zero. De(i–1) term in Eq.(4-13) is De end (i–1).  
Dr start is calculated as the following, 
( ) ( 1) ( ) ( ) ( )r start r end wD i D i I i P i RO i                   (4-26) 
The Dr terms in Eqs.(4-14) and (4-15) are Dr start. Dr (i) and Dr (i–1) terms in Eq.(4-18) are Dr end 
(i) and Dr end (i–1), respectively. 
As roots reach deeper during development stage, the water content of the additional soil depth 
(θsub) needs to be considered to update water depletion in root zone, and can be estimated using 
Eq.(4-27). 
1( ) ( 1) 1000( ( 1)) ( )r r FC sub rD i D i i Z i                  (4-27) 
When roots reach down, if additional soil depth has water content of θsub which is less than θFC, 
water needed to fill this additional soil depth to reach field capacity is considered as water loss 
from the root zone. However, application of an excessive amount of irrigation on the planting 
date ensures that field capacity is achieved in the future maximum root zone which can account 
for this loss. Hence, θsub = θFC. In this case, this additional soil depth does not contribute to root 
zone depletion therefore no additional term is added to the Dr equation (Eq.(4-18)). Eq.(4-18) 
considers the additional soil depth reached by roots is at field capacity. 
The excessive amount of irrigation applied on the planting dates can be calculated as 
max min( ) ( 1) 6w r endI planting date D i TAW TAW                 (4-28) 
The first term is to fill the current root zone with water to field capacity. (TAWmax –TAWmin) is 
to fill the future maximum root zone with water to field capacity. 6 mm is the maximum 
evapotranspiration could occur on a planting day. Since deep percolation is calculated at the 
end of a day when water loss due to evapotranspiration has happened, 6 mm of water needs to 
be added to account for this loss. If an agricultural green roof system is simulated which has a 
thin soil layer, percolation occurs soon after a wetting event before evapotranspiration occurs 
during that day, the 6 mm in Eq.(4-28) can be removed. The threshold soil thickness is 
presumed to be 200 mm. That is if soil thickness is greater than 200 mm, Eq.(4-28) is used to 
calculate irrigation amount on a planting date. Otherwise, Eq.(4-28) without adding the 6 mm 
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is used to compute that. One another reason for irrigating this excessive amount of water on a 
planting date is that it is a common agricultural practice.  
Function 11: calculates water balance in evaporation and root zones with the implementation 
of Tew Extension. In addition to the calculation procedures described in Function 10, Tew the 
portion of total transpiration extracted from few fraction of evaporation zone is estimated using 
the equations described in Section 4.2.4. De and Dr used in Eq.(4-21) are the ones calculated at 
the beginning of each day.  
 
4.4 Limitations of dual crop coefficient approach 
The dual crop coefficient method should be used with care. Sets of empirical basal crop 
coefficients (Kcb) have been derived or estimated for many agricultural crops and are provided 
in many sources (e.g. Allen et al., 1998, Allen et al., 2007). Allen et al. (1998) and Liu and Luo 
(2010) emphasized that the tabulated Kcb should be adjusted to account for the effects of local 
climatic conditions, cultural methods or crop varieties on Kcb. These tabulated Kcb values are 
only intended to be used for crops that are disease free, growing under standard management 
practices, and have no growth and yield constraints imposed by factors such as low soil water 
availability, limited soil fertility or high soil salinity (Hunsaker et al., 2007).  
Standard application of Kcb requires the use of crop growth stage lengths. The values listed in 
Table 11 in the FAO-56 document (Allen et al., 1998) can only be used as a general guide and 
for comparison purposes. Specific plant growth stage lengths observed locally should be used, 
which integrate effects of plant varieties, local weather conditions, and cultural practices (Allen 
et al., 1998).  
Kcb curves of crops are subject to shifting alone the time-axis from year to year even when the 
crops are grown under excellent agronomic conditions (Hunsaker et al., 2007). In particular, 
significant shift can occur at the beginning of crop development stage under the actual weather 
conditions that deviate from expected conditions (Bausch, 1995). When new or non-standard 
crop species are grown, variations from optimum Kcb curve can also occur. In addition, 
management of cropped fields sometimes significantly deviate from standard agronomic 
practice for some reasons. For example, mild water stress is imposed for the stimulation of crop 
reproduction. There are many other cultural, managerial, and environmental factors that cause 
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changes from normal crop development rates and hence crop coefficient curve (Hunsaker et 
al., 2007).   
What’s more, the mean maximum height of various crops listed in Table 12 (Allen et al., 1998) 
will vary greatly with crop variety and with cultural practices. Therefore, the mean plant height 
should be obtained from field observations.  
Although the above limitations result in FAO-56 dual crop coefficient method being 
inconvenient since local adjustments for several key parameters are essential, the limitations 
do not necessarily affect the purpose of the current study. The application of the dual crop 
coefficient method in this study is for comparison purpose rather than providing absolute values 
of evapotranspiration for a particular crop grown in a specific field or on a rooftop under 
particular management. 
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Chapter 5 Model Consistency 
5.1 Introduction  
This chapter describes the processes adopted in this study in verifying the correctness of the 
implementation of FAO-56 dual crop coefficient method and the inclusion of the calculation 
of Tew  as well as the application of the FAO-56 approach with the Tew Extension to agricultural 
green roofs. Sections 5.2 and 5.3 of this chapter describe the procedures that ensured the correct 
use of weather data provided by the BoM (2015), and the correct implementation of FAO-56 
dual crop coefficient method, respectively. Section 5.4 focuses on a discussion of the 
simulation results that demonstrate the correct incorporation of Tew Extension into the FAO-56 
method. Section 5.5 presents the relevant simulation results to show the reasonableness of the 
modifications to the FAO-56 method with the Tew Extension for rooftop farming applications.  
 
5.2 ET0 and weather data from the BoM 
Daily ET0 values along with daily values for rain, minimum and maximum temperature, 
minimum and maximum relative humidity, averaged wind speed and solar radiation have been 
provided by the BoM since 1/01/2009 (Bureau of Meteorology, 2015).  To ensure the correct 
use of these weather data, daily ET0 values were calculated using the Penman–Monteith method 
(Webb, 2010) with the weather data. These calculations have been implemented in MATLAB 
and the relevant script, i.e. ET0.m, is provided in Appendix A. The calculated ET0 were then 
compared with the BoM–provided ET0. Over the period of 1/01/2009 – 31/03/2015, the average 
difference between the ET0 values from the two sources was 0.0432 mm/day. The daily ET0 
values provided by the BoM were used for the calculations in the current work. 
 
5.3 Ke calculation 
The implementation of FAO-56 dual crop coefficient method was based on the calculation 
examples contained in the FAO-56 document (Allen et al., 1998). Calculation example for 
applying the dual Kc procedure in irrigation scheduling in Annex 8 was consulted to implement 
the equations involved in coefficient Ke computation. This sample calculation with all the 
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relevant equations were written in Excel spreadsheet FAO56Ax8.xls by Allen (2003). The 
implementation of equations involved in Ks estimation was based on Example 38 Irrigation 
scheduling to avoid crop water stress, expressed in the updated version outlined in reference 
(Allen et al., 2006). Ks calculation validation is discussed in the next section.   
To check that the values for parameters involved in Ke calculation produced by FAO56x8.xls 
and produced by the MATLAB code (ET_FAO.m) were identical, both files were used to 
calculate evaporation component of evapotranspiration for Beans(dry) using Sydney weather 
conditions. The ET_FAO.m contains the model described in Chapter 4. The growth stage 
lengths and Kcb values for initial stage, mid-season stage and last day of the growing cycle used 
were for the Beans(dry) in Idaho, USA (Allen et al., 1998, Table 11 and Table 17). The growth 
stage lengths and Kcb values may not be suitable for estimating evapotranspiration from a field 
of beans under Sydney climatic conditions, but for comparison purposes, it is acceptable. The 
beans were planted on 22/05/2012 and were harvested 100 days later. Sandy loam was used as 
the soil to grow the beans. Several modifications were made to FAO56x8.xls according to the 
principle equations of the FAO-56 method described in Chapter 4 of this thesis, and these 
modifications are discussed in detail below. FAO56x8.xls PDF is included in this thesis as 
Appendix B. The values in red indicate that the modifications were made to the original 
FAO56x8.xls. 
If Kcb mid or Kcb end exceeds 0.45, they need to be adjusted using Eq.(4-3) with u2 and RHmin 
values occurred during mid– or late–season growth stages, respectively (Allen et al., 1998). 
FAO56x8.xls used averaged u2 and RHmin values during the mid-season stage to adjust both 
Kcb mid (J5 in the spreadsheet) and Kcb end (J6 in the spreadsheet). To adjust Kcb end, u2 and RHmin 
occurred on the last day of a growing cycle should be used, and this has been implemented in 
FAO56x8.xls.   
The equation for estimating Kc max is Eq.(4-6) presented in Chapter 4. Kc max in FAO56x8.xls 
was:  
    
0.3
 max 2 minmax 1.2 0.04 -2 -0.004 -450. ,  9 0.053c cb
hK u RH K
           
  
The 0.9 factor for u2 does not appear in Eq.(4-6). This 0.9 factor was applied by Allen (2003) 
for some reasons that were not explained.  Therefore, this 0.9 factor has been removed. The 1.2 
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coefficient has been changed to 1.1 since it has been assumed that when irrigation is applied 
during a crop’s growing period, the wetting interval is usually less than 3 days.  
For fc coefficient, FAO56x8.xls imposed the limit of fc ≥ 0.01. The limit on fc stated in Eq.(4-
11) is 0 ≤ fc ≤ 0.99. The limit on fc has been changed to the one in Eq.(4-11). For numerical 
stability, (Kcb – Kc min) in Eq.(4-11) is limited to ≥ 0.01 and this limit has been implemented in 
FAO56x8.xls.  
Sprinkler irrigation was used, therefore fw(irrig) in FAO56x8.xls (X3) has been changed from 
0.5 to 1.0.  
Daily u2 (Column F), ET0 (Column H), RHmin (Column K), and P (Column L) data for Sydney 
from 22/05/2012 to 29/08/2012 (Bureau of Meteorology, 2015) were used in FAO56x8.xls. 
Month (Column A), Day (Column B), and Year (Column C) were changed accordingly. FAO-
56 method schedules irrigation during the calculation of Ks. Therefore, the irrigation rates for 
this period were the ET_FAO.m–generated values. Initial values (the values on 22/05/2012) 
for De start, DPe, and De end in FAO56x8.xls were changed to the values generated by ET_FAO.m.  
With the above modifications to FAO56x8.xls, values for Kcb, h, Kc max, few, De end, DPe, Ke, Kr, 
and De start produced by FAO56x8.xls were identical to those produced by ET_FAO.m.  
 
5.4 Ks calculation 
The correctness of implementation of equations for Ks computation has been checked against 
the updated version of Example 38 (Allen et al., 2006). Relevant equations for calculating Ks 
have been written in Example_38.m (Appendix C). 12-day values for ET0, Zr, P-RO, Kcb, Ke; 
the irrigation amount on the first day; and the Dr end value before the first day in Example 38 
were used as inputs into Example_38.m to calculate 12-day values for RAW, Dr start, Iw, Ks, Kc, 
ETc, DP, and Dr end. The values generated by Example_38.m for these parameters were 
identical to those in Example 38. ET_FAO.m was built on Example_38.m with necessary 
changes for compatibility. 
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5.5 Effect of the Tew Extension (Allen et al., 2005) on crop evapotranspiration 
To check the correctness of incorporating the Tew Extension into the FAO-56 method, the case 
study discussed in this section was used to understand the impact of the Tew Extension on the 
crop evapotranspiration (since no calculation example can be found in the literature to 
demonstrate the application of the equations involved in Tew calculation). The simulation was 
for the annual crop, potatoes, which is one of the main crops in Australia (Australian Bureau 
of Statistics, 2015). They were grown in sandy loam soil in a field and under Sydney’s weather 
conditions. Potato seeds were planted on 1/07/2009. Table 11 in the FAO-56 document (Allen 
et al., 1998) lists crop growth stage lengths for various crops under different climates. Among 
the available climates for growing potatoes, semi-arid climate may be the most similar to 
Australia’s climate, which led to the potato growing period being 115 days. Hence, the potatoes 
were harvested on 23/10/2009. Irrigation was applied during the potato growing period, and 
the irrigation system used was sprinkler. Irrigation and precipitation were assumed to occur at 
the beginning of the day. Under irrigated condition, the maximum potato rooting depth is 0.4 
m (if under rainfed condition, it would be 0.6 m) (Allen et al., 1998). The maximum rooting 
depth was less than 0.5 m, which means that transpiration extracted by the roots from the 
evaporation zone (Tew) would be significant (Allen et al., 1998). Figure 5-1 depicts water inputs 
and outputs of the evaporation zone (black arrows) and of the root zone (grey arrows) of 
potatoes. The Ze is 0.1 m, and Zr is 0.4 m.  
The FAO-56 method does not include a method to estimate Tew. Therefore, one simulation for 
estimating potato evapotranspiration used the FAO-56 method and assumed Tew was zero (Case 
1). The shallow rooting depth necessitated the incorporation of Tew Extension into the FAO-56 
method. Hence, another simulation for estimating potato evapotranspiration used the FAO-56 
method with the incorporation of Tew Extension to take into account of Tew (case 2).  
In general, Tew lessens the water available for evaporation and leads to decreased evaporation. 
Decreased evaporation results in decreased evapotranspiration. Less water removed as 
evapotranspiration from the root zone will require less irrigation.  
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Figure 5-1 Water fluxes into and out of the evaporation zone (black arrows) and the root zone 
of potatoes (grey arrows) (WorkPress, 2012) 
 
Figure 5-2 shows the sum of the parameters involved in the root zone water balance of potatoes 
grown in sandy loam from 1/07/2009 to 23/10/2009 under Sydney weather conditions 
estimated using the FAO-56 method and the FAO-56 method with the Tew Extension. The water 
balance involved the main terms of precipitation (P), irrigation (Iw), additional water input 
when roots reached down during the development stage (Δ soil water), evaporation (E), 
transpiration extracted from evaporation zone (Tew), transpiration (T), evapotranspiration 
adjusted for crop water stress (ETc adj), deep percolation (DP) and water left for 
evapotranspiration at the end of the growing cycle (water left for ETc). The ‘Δ soil water’ term 
was due to the large amount of irrigation applied on the day of planting (Eq.(4-27)) which 
ensured that the future maximum root zone soil was at field capacity. This large amount of 
irrigation on the day of planting can be seen in Figure 5-4. In both Case 1 and Case 2, 410 mm 
of water was transpired since irrigation amount applied in each case ensured the transpiration 
from the potatoes achieved the potential values. The amount of transpiration extracted from the 
few fraction of the 0.1 m deep evaporation zone in Case 2 was 132 mm, which was 
approximately 32% of the total transpiration. Significant amount of Tew resulted in the 
reduction in evaporation from 171 mm to 163 mm, and reduced evaporation led to decreased 
evapotranspiration from 580 mm to 572 mm. The root zone with lessened evapotranspirational 
water loss required less irrigation which was reduced from 517 mm to 509 mm. 8 mm less 
irrigation may not be seen as a significant figure. This 8 mm was per square meter. If the 
growing area was 10,000 m2, 80,000 litres of water were not considered when Tew Extension 
was not incorporated. In urban areas, drinking water is very likely to be used as irrigation water. 
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Assuming a person drinks 2 litres of water per day, this 80,000 litres water could satisfy 40,000 
people’s daily water needs.   
It may be interesting to note that in both cases the deep percolation depths were the same.  
Eq.(4-19) states that if irrigation, crop evapotranspiration, end day depletion of previous day 
were the same for both cases, deep percolation depths would be the same. Irrigation was 
controlled by root zone depletion. The simulation results showed that on the days when deep 
percolation occurred, no irrigation were applied in both cases. In terms of crop 
evapotranspiration, Case 2 was expected to have less evapotranspiration due to reduced 
evaporation since Tew lessened the water available for evaporation. However, it turned out to 
be that in Case 2 on the deep percolation occurrence days, Tew did not cause reduction in Kr, 
meaning Case 2 evaporation achieved maximum limited only by energy availability at the soil 
surface. Hence, both cases had the same amounts of evaporation and therefore the same 
amounts of evapotranspiration on the deep percolation occurrence days. Dr end on days before 
deep percolation occurrence in both cases were the same. These resulted in the same values for 
DP in both cases. It is worth mentioning that deep percolation can only be caused by 
precipitation. Irrigation was controlled to be the amount of water that was sufficient to sustain 
full transpiration and would not cause deep percolation. 
The water available for evapotranspiration at the end of the 2009 growing cycle was the same 
for both cases. In the last four days (data not shown), irrigation and precipitation ensured 
maximum evaporation (limited only by energy availability) in both cases. It means that Tew did 
not cause reduction in evaporation in Case 2 comparing to the evaporation amount in Case 1, 
and the values for the water balance terms in the last four days for both cases were the same. 
That was why the amounts of water left for evapotranspiration were identical in the two cases.      
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Figure 5-2 Sum of water balance terms of the root zone over the period of 1/07/2009 to 
23/10/2009 using calculation procedure of the FAO-56 method (Allen et al., 1998) and the 
FAO-56 method (Allen et al., 1998) with the Tew Extension (Allen et al., 2005) 
 
Figure 5-3 shows the cumulative water inputs, water outputs and water available for 
evapotranspiration for Case 2. Figure 5-3 depicts the same information as Figure 5-2 for Case 
2, but is in a different presentation. Subtract the cumulative water outputs from the cumulative 
water inputs was the water available for evapotranspiration. The water inputs included 
precipitation, irrigation and the additional water when the roots reached deeper (‘Δ soil water’ 
in Figure 5-2). The water outputs included evapotranspiration and deep percolation. The water 
content available for evapotranspiration fluctuated between the water content at the field 
capacity and the water content at the wilting point.  
 
 
Figure 5-3 Cumulative water balance terms of the root zone estimated using the FAO-56 
method (Allen et al., 1998) with the Tew Extension (Allen et al., 2005) 
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Figure 5-4 shows the relationship between readily available water (RAW(i)), root zone 
depletion at the end of Day i (Dr end(i)) and irrigation (Iw(i)) for Case 2. Iw(i) applied at the 
beginning of the day was triggered when root zone depletion at the end of previous day (Dr end(i-
1)) reached RAW(i-1), and Iw(i) was the same amount as Dr end(i-1). The blue histograms in 
Figure 5-4 are Iw(i) applied early in the morning; the grey ones are Dr end(i); and the red line is 
RAW(i).   
 
 
Figure 5-4 The relationship between irrigation (Iw(i)), end day root zone depletion (Dr end(i)) 
and RAW estimated using the FAO-56 method (Allen et al., 1998) with the Tew Extension 
(Allen et al., 2005) 
 
Figure 5-5 shows the basal crop coefficient adjusted for crop water stress (Kcb adj = Kcb × Ks), 
the evaporation coefficient (Ke), and the crop coefficient adjusted for crop water stress (Kc adj 
= Kcb adj + Ke) for Case 2. Evaporation was high during the initial growth stage when potato 
leaves and stems covered less than 10% of the soil surface. As the potatoes developed, more 
and more soil surface was covered with leaves and stems, and exposed surface for evaporation 
to occur was decreased. Evaporation reached minimum and transpiration reached maximum 
during the mid-season stage when potatoes were fully grown and covered the soil surface at 
the maximum. After this stage, potatoes became mature, and the leaves started to senescence. 
Exposed soil surface area increased; therefore, evaporation increased during the late-season 
stage (Allen et al., 1998).  
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Figure 5-5 Adjusted basal crop coefficient (Kcb adj), evaporation coefficient (Ke) and adjusted 
crop coefficient (Kc adj) estimated using the FAO-56 method (Allen et al., 1998) with the Tew 
Extension (Allen et al., 2005) 
 
5.6 Effect of rooftop conditions on crop evapotranspiration  
Applying the FAO-56 method with the Tew Extension to estimate evapotranspiration on 
agricultural green roofs is novel. No experimental data or sample estimations are available in 
the literature to understand how much evapotranspiration estimated by the FAO-56 method 
with the Tew Extension and with the modifications deviates from the real situation. The case 
study presented in this section was used to understand the changes in values for the parameters 
caused by the modifications made to the FAO-56 method with the Tew Extension for rooftop 
farming application. 
This section compares potato water use when they were grown in a field and when they were 
grown on a rooftop. The field case is depicted in Figure 5-1, and the rooftop case is described 
in Figure 5-6. In both cases, potato seeds were planted on 1/07/2009 in Sydney and the potatoes 
were harvested on 23/10/2009. Irrigation and precipitation were assumed to occur at the 
beginning of the day. The irrigation systems used were sprinkler. The soil used was sandy loam. 
The Tew Extension was applied. When irrigation was triggered, irrigation quantity equalled to 
root zone depletion at the end of previous day.  
In the rooftop case, the soil layer depth was 200 mm, which was very shallow. Therefore, Eq.(4-
22), instead of Eq.(4-19), was used to estimate DP since root zone deep percolation was 
presumed to occur so quickly that evapotranspiration during that day would not have occurred. 
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For the same reason, 6 mm of evapotranspiration in Eq.(4-28) was removed when estimating 
irrigation on the planting date.  
The values for the key parameters involved in the root zone water balance for both field and 
rooftop cases are shown in Figure 5-7. Overall, irrigation, evaporation and evapotranspiration 
quantities for both cases were very close, and in both cases, transpiration amounts were the 
same. The rooftop case did not have any (∆soil water), because potato seeds were planted at 
the depth of 200 mm, and the agricultural green roof soil layer was 200 mm deep. Therefore, 
the roots were assumed to extend only upwards and horizontally. If more roots extended 
sideways, the value for Tew would be higher. This may be the reason why Tew in the rooftop 
case was more than the one in the field case. Tew was approximately 32% of the total 
transpiration in the field case, and Tew was about 48% of the total transpiration in the rooftop 
case.  
DP in the rooftop case was more than that in the field case. This can be explained by the thinner 
soil layer on the rooftop. If both root zones contained the same amount of water, the same 
rainfall event would result in more DP from the thinner rooftop soil (if there was any).  
More evaporation, therefore more evapotranspiration occurred on the rooftop than in the field. 
This may be attributed to a few reasons. RAW(field) was more than RAW(rooftop). Hence, 
Dr end on the rooftop reached RAW(rooftop) more frequently, which triggered more frequent 
irrigation. The simulation data showed that irrigation was applied 46 times on the rooftop and 
applied 29 times in the field. This more frequent irrigation supplied more water for the 
evaporation zone, and resulted in more evaporation on the rooftop. The simulation data also 
showed that the Kr values (if below 1.0, evaporation was limited by water availability) in the 
field case were more frequently below 1.0 than these values were in the rooftop case, which 
means evaporation achieved potential values on less number of days in the field, and resulted 
in less evaporation amount.  
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Figure 5-6 Water fluxes (mm/day) into and out of the evaporation zone (black arrows) and root 
zone (grey arrows) of the soil layer of the agricultural green roof (WorkPress, 2012) 
 
 
 
Figure 5-7 Root zone water balance terms for potatoes grown in a field and on a rooftop in 
Sydney estimated by the FAO-56 method with the Tew Extension 
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Chapter 6 Model Application 
6.1 Introduction 
Challenges that the world and cities face today necessitate the adoption of urban agriculture 
practices. On one hand, with the increase in global population at an alarming rate and the 
increase in the ratio of urban population to global population (United Nations, 2004, United 
Nations, 2014), demand for food will dramatically increase in city regions. On the other hand, 
land area for crop production is shrinking. Currently, 1.5 billion hectares (about 12% of the 
world’s land area) of the world’s land is used for crop production, which includes arable land 
and land under permanent crops (FAO, 2013). According to den Biggelaar et al. (2004), 
globally, 5–12 million hectares of land are lost annually through different forms of land 
degradation, such as deforestation, inappropriate agriculture practices (intensive commercial 
farming techniques), and naturally occurring soil erosion. The cultivable land has gradually 
declined from 0.44 hectare/person to less than 0.25 hectare/person over the last 50 years 
(FAO, 2013). What exacerbates the situation is the rapid infrastructure and urban 
development (UN, 2008 cited in Nellemann et al., 2009), which usually occurs at the cost of 
cropland. As settlements, towns and cities grow, the adjacent cropland is sacrificed to 
accommodate urban infrastructure such as roads and housing (Maizel et al. 1998; Goldewijk, 
2001, 2005; Klein Goldewijk and Beusen, 2009 cited in Nellemann et al., 2009). As a result, 
there will not be enough cultivable land to feed the growing global population if no remedial 
measures are taken (Astee and Kishnani, 2010). Increasing amount of people across the world 
will experience problems associated with food security, which is defined as “physical and 
economic access to food that meets people's dietary needs as well as their food preferences” 
(World Health Organization, 2015). 
More challenges confront urban centres. Presently, cities use more than two-thirds of the 
world’s energy (UNFCCC 2010 cited in Specht et al., 2014) and generate about 70% of 
greenhouse gas emissions globally (World Bank, 2010 cited in de Zeeuw, 2011). Food 
consumed by city dwellers requires a substantial amount of fossil fuels to produce, process, 
transport, and dispose of (Specht et al., 2014). ‘Food miles’ is an issue that needs more 
attention from city residents. Weber and Matthews (2008) computed that average delivery of 
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food from producer to retail in the U.S. is 1,640 km and average life-cycle supply chain is 
6,760 km. City residents’ trips to supermarkets and other food retailers contribute 
significantly to urban transportation volume (Pothukuchi and Kaufman, 1999). What’s more, 
commercialised food is often associated with low organoleptic (sensory) quality and diversity. 
The concentration on high productive crop varieties in conjunction with the standardization 
of food production and processing techniques have caused a great loss of organoleptic quality 
and diversity of fresh produce (Nosi and Zanni, 2004, Cayot, 2007, Wiskerke, 2009). To 
enhance organoleptic diversity, the food processing industry has been increasingly adding 
colorants and artificial flavours to a standardized primary product (Van Der Schans, 2010, 
Wiskerke, 2009). Furthermore, the growing gap between consumers and producers has led to 
consumers’ low understanding of the conditions and methods of food production, which in 
turn results in consumers’ uncertainty about and distrust in food (Vuylsteke et al., 2004 cited 
in Wiskerke, 2009).    
Urban agriculture is one solution to alleviate these problems (Astee and Kishnani, 2010), 
which is defined as “an industry located within (intraurban) or on the fringe (periurban) of a 
town, city or metropolis, which grows or raises, processes, and distributes a diversity of food 
and non-food products, (re-)using largely human and material resources, products, and 
services found in and around that urban area, and in turn supplying human and material 
resources, products and services largely to that urban area” (Specht et al., 2014).  
Urban agriculture provides the following three dimensional benefits to cities: environmental, 
social and economical. Environmentally, urban agriculture creates opportunities to integrate 
aesthetics, ecology and food production into the development of cities with the main purpose 
of reducing environmental impact of buildings. Urban agriculture establishes a proximity of 
consumers and producers. This means that less energy is used for and hence less 
environmentally harmful emissions are released from transport, cooling, storage and 
packaging (Specht et al., 2014). In addition, the associated costs are reduced (Bosschaert, 
2008, De Zeeuw, 2011). Urban agriculture could also contribute to the taking pressure off 
agricultural land so that farmland degradation due to intensive farming could be slowed down. 
Socially, urban agriculture can provide learning and education sites for city residents. It can 
also help to develop connections between consumers and producers (Specht et al., 2014) and 
to enhance consumers’ trust in food. The nutrients of many fruits and vegetables degrade 
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with time once they are harvested. By eating locally, urbanites from all walks of life can 
access fresh, and nutritious food (Mandel, 2013).  
Economically, buying local food can keep the money within the local economy. More jobs 
can be created for the unemployed. By reducing their food purchase, schools, universities, 
restaurants and office blocks can benefit from urban agriculture (Mandel, 2013).  
Land availability and access due to the competition with other urban land uses is the major 
challenge to the viability of food production in urban areas (Smit et al., 2001). Densely built-
up areas often have limited undeveloped land. No-space or low-space technologies, hence, 
offer great opportunities for space-confined food production (Dubbeling, 2011). This is 
where agriculture green roof systems fit in. Agriculture green roof systems, not requiring 
additional ground-level space, combine the benefits of conventional green roof systems and 
urban ground-level agriculture. For more details about rooftop farming, please refer to 
Chapter 4 Section 4.2.5 of this thesis.  
Apart from land availability, there are many other potential barriers to the widespread 
adoption of urban agriculture. Smit et al. (2001) classified urban farming constraints into five 
broad types. The current work deals with the type of constrained access to resources, inputs 
and services, within which irrigation water supply issue is the focus (Smit et al., 2001, Specht 
et al., 2014).   
Smit et al. (2001) emphasized that irrigation water for urban farms need not compete with 
household water usage or with drinking water. The irrigation water can usually be supplied 
from wastewater, groundwater, and surface water. However, the major constraint that urban 
farmers face is the access to these water sources. Wastewater is mostly not readily available 
to urban farmers since sewage systems are not designed for local wastewater reuse, but for 
removing wastewater from cities. Also, there exist concerns about wastewater reuse such as 
the presence of chemicals and pathogens in wastewater that poses serious problems for urban 
farmers. With regard to surface water, cities usually do not make provisions for reuse of 
surface water in farming (Smit et al., 2001). The use of groundwater is subject to availability 
and limitation that the amount withdrawn cannot cause groundwater table to drop 
significantly (Hamdy et al., 2003). The lack of access to alternative irrigation water sources 
compels farmers to use a piped water supply in urban areas (Smit et al., 2001). 
Globally, compare to rural agriculture, urban agriculture tends to demand more irrigation 
because much of rural agriculture relies on rainfall. As urban farming is more intensive and 
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for more weeks in a year, it cannot depend as much as their rural counterparts on 
precipitation (Smit et al., 2001).  
Water availability, access, usage limits and cost are likely to play a more important part in the 
decisions of property owners and farmers in arid and semi-arid areas. Nevertheless, urban 
water availability is a concern that is not only limited to arid and semi-arid regions. In 
tropical and subtropical regions, where rainfall has been decreasing by the decade, fast 
growing and urbanizing populations are living with food scarcity (Smit et al., 2001).  
Irrigation application seems to be essential in urban agriculture; and water availability and 
access for urban farming use are problems that will be faced by cities. Despite the concerns 
for irrigation water sources, owners’ and farmers’ decision on the adoption of urban 
agriculture, and the level of dependence on rainfall, understanding potential crop water use 
(water lost through evapotranspiration) and irrigation requirements in fields and on rooftops 
are fundamental to all of the issues discussed here.  
Australia’s five major cities – Sydney, Melbourne, Brisbane, Adelaide and Perth – were 
chosen to be the urban areas for the investigation of crop water use and irrigation 
requirements. The weather parameters used for each city were obtained from the BoM’s 
weather stations of Sydney Airport AMO, Melbourne Airport, Brisbane, Adelaide (Kent 
Town) and Perth Metro (Bureau of Meteorology, 2015). Ten annual crops grown in these five 
cities were studies. The yield values for the ten crops produced in Australia’s five states, 
where the five major cities are located within the financial year of 1/07/2013 – 30/06/2014 
have been obtained from the Australian Bureau of Statistics (ABS) (Australian Bureau of 
Statistics, 2015). The yield of each crop was then related to its irrigation requirement for the 
better understanding of urban agriculture.  
The content of this chapter has been organised in the following way. The second section is to 
understand the average annual water loss through evaporation from the five types of soil in 
the five cities with no irrigation applied. The impact of environmental conditions in each city 
on evaporation can be learnt. The third section investigates evapotranspiration, and irrigation 
requirements of the ten crops in the five cities that were planted in fields. Cities in which the 
crops needed the least amount of irrigation water can be identified. In addition, the amounts 
of water uptaken by the crops in relation to evapotranspiration and in relation to total water 
delivered to the sites can be determined. The level of irrigation water dependence of each city 
for different crops is also discussed. Finally, the relationship of yield and corresponding 
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irrigation requirement of each crop in the five cities is studied. In Section 6.4, the discussion 
revolves around simulation results of the ten crops grown on rooftops in the five cities. Firstly, 
it examines evapotranspiration and irrigation amounts of the crops grown on roofs in the five 
urban centres. Then the differences in evapotranspiration and irrigation amounts between the 
ten crops grown in fields and grown on rooftops are investigated. Similar to the field case, the 
relationship between transpiration and evapotranspiration; and the relationship between 
transpiration and total water delivered to the roofs are examined. Finally, the deep percolation 
depths from the crop root zones in the field case and in the rooftop case are analysed for their 
differences. The last section of this chapter discusses uncertainties in the simulation results 
due to the model limitations.   
 
6.2 Evaporation only 
In this set of simulation, only evaporation was estimated from fields of sand, loamy sand, 
sandy loam, loam and clay in Australia’s five major cities for the period of 1/01/2009 to 
31/12/2015. Loamy sand, sandy loam, and loam were the soils used to grow the ten crops 
which will be discussed in the next two sections. Figure 6-1 shows the water input and 
outputs of the evaporation zone which was presumed to be 0.1 m deep (Ze = 0.1 m). During 
the simulation period, no irrigation was applied. The only water input was precipitation. The 
water that left the system were in the forms of evaporation and deep percolation.  
Figure 6-2 shows the values for evaporation from fields of sand, loamy sand, sandy loam, 
loam and clay along with the vales for precipitation in the five cities. The values were the 
yearly average of the six years. The evaporation values uniformly decreased when soil types 
changed from clay, to loam, to sandy loam, to loamy sand and then to sand. For all five soils, 
Adelaide evaporated the least amount of water, followed by Perth, Melbourne, Brisbane and 
Sydney. According to Allen et al. (1998), evaporation is restricted by both water availability 
and energy availability. Higher precipitation generally results in higher evaporation. However, 
when energy is the limiting factor, evaporation is also restricted even if there is water for 
evaporation. This fact is shown in Figure 6-2 that Melbourne had average yearly precipitation 
136 mm less than Perth had, but evaporation amounts from the five soils in Melbourne were 
more than these occurred in Perth.   
To understand why clay evaporated more water than the other four soils, the values for the 
parameters involved in the evaporation calculation for sand and clay in Sydney for the entire 
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year of 2009 were compared. Both soils had the same depth of evaporation zone (0.1 m), but 
clay could hold more water for evaporation than sand could (TEW (clay) > TEW (sand)). For 
this reason, when the same amount of precipitation fell onto sand and clay, deep percolation, 
if there was any, was more from sand than from clay provided that both soils had the same 
amount of water in the evaporation zones at the beginning of the rainfall event. It was also 
noticed that when there was enough water in the two soil evaporation zones, sand evaporated 
water faster than clay did. More specifically, when there was a period of small rainfall events 
(no deep percolation occurred), sand evaporated all of the rainwater before next rainfall 
event/s; whereas clay evaporated at a slower pace and still held some water for evaporation 
when the next rainfall event/s began. A deduction can be made is that at the same location if 
both sand and clay evaporation were not restricted by water availability during the simulation 
period, sand would evaporate more water than clay would. 
The points discussed above are evident in Figure 6-3, which shows the total water input and 
output values for the sand and clay in the entire year of 2009. At the end of 2009, clay 
evaporated 606 mm of total rainfall during that year, lost 263 mm through deep percolation 
and still had 8 mm of water available for evaporation. Compared to clay, sand evaporated less 
water of 466 mm due to more water lost through deep percolation which was 411 mm, and 
had no water left for evaporation at the end of 2009.  
 
 
Figure 6-1 Water input and outputs of the evaporation zone 
 
 
 
Precipitation (P) 
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Figure 6-2 Precipitation and evaporation from fields of sand, loamy sand, sandy loam, loam 
and clay in Australia’s five major cities. The values were yearly average of the six years. 
 
 
Figure 6-3 Sum of water balance parameters of the evaporation zones of sand and clay for the 
period of 1/01/2009 to 31/12/2009 under Sydney weather conditions.  
 
6.3 The ten crops grown in fields in Australia’s five major cities 
This section outlines the evaporation, evapotranspiration and irrigation requirements obtained 
from a set of simulation performed using the FAO-56 method with the Tew Extension for the 
ten crops grown in fields in Australia’s five major cities. The schematic presentation of this 
set of simulation is shown in Figure 5-1. The selection of the ten annual crops for analysis 
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was based on their popularity in Australia that they are listed in Agricultural Commodities, 
Australia, states, and territories – 2013-2014 published by the ABS (Australian Bureau of 
Statistics, 2015). These crops were intended to be planted in urban areas; therefore directly 
edible crops, as opposed to crops requiring processing before consumption, maybe more 
desirable to the city inhabitants. Irrigation method was chosen to be sprinkler system, which 
is often seen in urban areas. Sprinkler droplet evaporation (Burt et al., 2005) was assumed to 
be none. Irrigation was set to fully satisfy the water needs of the ten crops, meaning the crops 
were not water stressed during their growing periods. The simulation was for the period of 
1/01/2009 to 31/03/2015, which encompassed 6 growing cycles for each crop. The ten crops 
are listed in Table 6-1, along with the corresponding crop names and climates in Table 11 
(Allen et al., 1998). Table 6-1  also contains the time frames of the crops’ first growing cycles 
in 2009, and the number of days in one growing cycle for each crop. In the following five 
years, the crops were planted on the same dates. The best soils for growing the crops are 
listed as well. 
 
Table 6-1 The ten crops that were simulated for their evapotranspiration and irrigation 
requirements, their names and climates in Table 11 (Allen et al., 1998), the simulation time, 
the crops’ first growing periods in 2009 or 2009-2010, the number of days in one cycle for 
the crops and the best soils for their growth. 
Crop name 
Crop name and the 
climate in Allen et al. 
(1998) 
Simulation 
period 
Growing period each 
year 
Number 
of days Soil used 
Beans Beans(green), Mediterranean 
1/01/2009 
-
31/03/2015 
1/08/2009 – 29/10/2009 90 Sandy loam 
Capsicums Sweet peppers (bell), Mediterranean 1/10/2009 – 28/01/2010 120 Loam 
Carrots Carrots3,  Mediterranean 1/08/2009 – 28/12/2009 150 Sandy loam 
Groundnuts Groundnut(peanut)3, Mediterranean 1/11/2009 – 20/03/2010 140 Sandy loam 
Lettuce Lettuce,  Mediterranean 1/10/2009 – 14/12/2009 75 Loam 
Maize 
Maize(grain)(harvest at 
high grain moisture),  
Arid Climate 
1/06/2009 – 18/10/2009 140 Sandy loam 
Onions Onions(dry), Mediterranean 1/10/2009 – 27/02/2010 150 Loam 
Potatoes Potato,  (Semi) Arid Climate 1/07/2009 – 23/10/2009 115 Sandy loam 
Sweet 
melons 
Sweet melons, 
Mediterranean 1/11/2009 – 28/02/2010 120 Sandy loam 
Tomatoes Tomato,  Mediterranean 1/10/2009 – 22/02/2010 145 Loamy sand 
 
Chapter 6 Model Application 
 
6-9 
 
6.3.1 Evaporation, evapotranspiration, and irrigation 
Figure 6-4 shows evapotranspiration and irrigation requirements of the ten crops in the five 
cities. The plotted values were the averaged sums of evapotranspiration and irrigation in one 
growing period for the six growing periods. In Sydney, beans evapotranspired the least 
amount of water. Lettuce, potatoes, and maize respectively evapotranspired 26 mm, 92 mm, 
and 128 mm more water than beans did. The other six crops evapotranspired much more 
water than beans did – 1.60 (sweet melons), 1.76 (capsicums), 1.84 (groundnuts), 1.89 
(carrots), 2.00 (tomatoes) and 2.17 (onions) times more. In terms of irrigation requirements, it 
was lettuce that required the least amount of irrigation water among the ten crops. The 
differences in evapotranspiration amounts among the crops were larger than the differences in 
irrigation demands among the crops. Some crops evapotranspired more water than other 
crops, but it does not mean that these crops required more irrigation water than the other 
crops. For instance, beans evapotranspired the least amount of water, but required the second 
least amount of irrigation water. Groundnuts lost 35 mm more water than capsicums did, but 
required 60 mm less irrigation than capsicums required. Onions evapotranspired the most 
amount of water, and also required the most amount of irrigation water. Onions needed nearly 
twice more irrigation water than lettuce required.   
In Melbourne, beans again evapotranspired the least amount among the crops. Potatoes, 
maize, and lettuce, respectively, evapotranspired 48 mm, 65 mm, and 91 mm more water than 
beans did. The rest of the crops evapotranspired much more water than beans did. Carrots, 
sweet melons, capsicums, groundnuts, tomatoes and onions evapotranspired 2.13, 2.30, 2.33, 
2.61, 2.76, and 2.94 times more than beans did, respectively. Regarding to irrigation needs, 
the irrigation quantities demanded by the crops followed the same order as the 
evapotranspiration amounts of the crops, except that sweet melons evapotranspired 8 mm less 
water than capsicums did, but required 9 mm more water than capsicums did. Comparing 
onions’ irrigation requirement and beans’ irrigation demand, they were more than three times 
apart from each other.  
In Brisbane, beans still lost the least amount of water through evapotranspiration. Potatoes, 
lettuce and maize, respectively, lost 57 mm, 60 mm, and 71 mm more water through 
evapotranspiration than beans did. Similar to the situation occurred in the above two cities 
that the rest of the crops evapotranspired a lot more water than beans did. Sweet melons, 
capsicums, carrots, groundnuts, tomatoes, and onions evapotranspired 1.77, 1.87, 1.97, 2.00, 
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2.16, and 2.31 times more water than beans did. In terms of irrigation amounts, the order of 
irrigation demands by the ten crops did not follow the order of evapotranspiration amounts of 
the ten crops. It means that some crops evapotranspired more water than other crops but 
required less irrigation than the other crops. The maximum difference in irrigation 
requirements between two crops was smaller than those occurred in Sydney and Melbourne. 
This maximum difference occurred in Brisbane was between beans and onions which was 
270 mm. This is not enough to support another cycle of beans.  
In Adelaide, the order of crop evapotranspiration amounts was the same as that in Melbourne, 
but with different values. Similarly, the order of irrigation demands by the ten crops in both 
cities was the same, except for beans, maize and potatoes. It was found that maize in 
Adelaide demanded the least amount of irrigation water, although it evapotranspired the third 
least amount of water among the ten crops. Potatoes required the second least amount of 
irrigation, followed by beans. Onions again required the most amount of irrigation water and 
was 3.8 times higher than that required by maize. 
In Perth, evapotranspiration and irrigation amounts of the ten crops had the same patterns as 
those occurred in Adelaide, but with different values. Maize, potatoes and beans required 
similar amounts of irrigation (202 mm – 208 mm). Onions required the most amount of 
irrigation (1,041 mm) among the ten crops in the five cities, which was 5.15 times more than 
that required by maize in Perth.   
Mixed factors resulted in the differences in evapotranspiration and irrigation requirements of 
the ten crops in the five cities. Apart from crops’ physiological aspect which was included in 
Kcb for each crop, there were many other elements that contributed to the variations such as 
planting date in a year, growing period length, weather and soil type used.  
When only considering irrigation needs of the crops in the cities, cities that were suitable for 
planting the ten crops can be determined. The same crop grown in different cities can result 
in significant differences in irrigation water demands. Capsicums, carrots, groundnuts, lettuce, 
onions, sweet melons, and tomatoes required the least amounts of irrigation water when they 
were grown in Brisbane among the five cities. The highest irrigation demands by these crops 
all occurred in Perth, except for carrots which occurred in Sydney. Comparing the highest 
values with the lowest values for irrigation for the crops, the ratios were 1.7 (capsicums), 1.3 
(carrots), 2.1 (groundnuts), 1.3 (lettuce), 1.4 (onions), 2.1 (sweet melons), and 1.8 (tomatoes). 
Therefore, Brisbane was the best city for growing these crops; and Perth and Sydney (just for 
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carrots) were not ideal for growing these crops. For the rest of the crops – beans, maize, and 
potatoes, when they were grown in Perth they required the least amounts of irrigation. The 
maximum water demands by these three crops all occurred in Sydney, and was 1.7 times 
(beans), 2.4 times (maize) and 2.1 times (potatoes) higher than the lowest values. As a result, 
to plant the three crops, Perth was the optimal city.   
 
         
         
         
Figure 6-4 Evapotranspiration and irrigation requirements in one cycle of the crops in the five 
cities. The values were the average of the six growing cycles. 
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Figure 6-4 (continued) 
 
According to Hamdy et al. (2003), 31% to 59% of total water withdrawn in all continents 
other than Asia and Africa is for agricultural use. This percentage increases to more than 80% 
in Asia and Africa (Hamdy et al., 2003). There has been an increasing interest in saving 
agricultural irrigation water by minimising soil evaporation and percolation beyond the root 
zone (Condon et al., 2004). In the model, irrigation and precipitation were the water inputs 
into the crop root zone. Water left the system was in forms of evaporation, transpiration, deep 
percolation, and other forms that were assumed to be zero. Water loss through transpiration 
was considered beneficial. Other forms of water loss were considered as wasting of water. 
Therefore, it is meaningful to understand how much water was used beneficially in relation to 
evapotranspiration (Figure 6-5) and in relation to total water delivered to the growing sites 
(Figure 6-6). 
Figure 6-5 shows the percentages of transpiration to evapotranspiration for the ten crops in 
the five cities. It gives the indication of the significance of water wasted through evaporation 
regarding to evapotranspiration, which is the non-productive part of evapotranspiration. The 
figure exhibits that all of the ten crops grown in fields in the five cities lost more than 50% of 
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evapotranspiration through transpiration. Therefore, the majority of evapotranspiration was 
used productively. For any crop, the percentages for the five cities did not vary greatly. The 
smallest difference occurred was between Sydney and Adelaide for potatoes, and the 
difference was 2.1%. The greatest difference occurred was between Sydney and Perth for 
carrots and the difference was 5.9%. Lettuce, undoubtedly, was the crop wasted the most 
amount of water through evaporation in all five cities with the transpiration percentages 
ranging from 52.8% to 56.3%. For groundnuts, these percentages increased 10% on average 
in all five cities compared with these percentages for lettuce. For groundnuts, capsicums, 
sweet melons, beans, carrots, potatoes and tomatoes, the transpiration percentages varied 
within a 15% range between 62.0% and 76.7%. For maize and onions, the transpiration to 
evapotranspiration percentages were higher than the percentages for the other crops in all 
cities, except the percentage for maize in Perth. The transpiration to evapotranspiration 
percentages for maize in all cities ranged from 76.2% (Perth) to 80.1% (Brisbane); and for 
onions in all cities the percentages were between 77.6% and 81.5%. Sprinkler irrigation 
system wets an entire field. If an irrigation system that only wets the part where the roots are 
located such as drip irrigation method, the transpiration to evapotranspiration percentages 
will be improved.  
 
 
Figure 6-5 The percentages of transpiration to evapotranspiration [%] for the ten crops in the 
five cities. Transpiration and evapotranspiration were the average of the six growing cycles. 
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ten crops in the five cities. The higher the percentage the larger the portion of total water that 
was used beneficially. Brisbane was the city where capsicums, carrots, groundnuts, lettuce, 
onions, sweet melons, and tomatoes used the smallest portions of the water delivered to the 
sites beneficially. These crops, except for carrots, grown in Perth used the total delivered 
water most advantageously. For carrots, the city where it used the largest portion of total 
delivered water beneficially was Adelaide. Perth was the city where beans, maize, and 
potatoes used the water delivered to the sites the least beneficially. The same crops, in 
Melbourne, used the total water the most beneficially.  
 
 
Figure 6-6 The percentages of transpiration to the total water delivered to the fields for the 
ten crops in the five cities. Transpiration, irrigation and rainfall were the average of the six 
growing cycles.  
 
Cities’ level of irrigation-dependence is another interesting aspect of urban agriculture that is 
worth investigating. Figure 6-7 shows the percentages of irrigation to total water delivered to 
the field for the ten crops. For beans, the percentages for Sydney, Melbourne, Brisbane, and 
Adelaide were about 70%, meaning 70% of the water needed to sustain full plant 
transpiration was from irrigation. Perth was relatively less dependent on irrigation water with 
the irrigation percentage being approximately 50%. For capsicums, the cities heavily 
depended on irrigation water with the percentages ranging from 69% to 91%, except for 
Brisbane which had half of the water supplied by rainfall. Growing carrots in the cities also 
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percentages ranging from 58% to 78%. For groundnuts, Brisbane required 38% of the water 
delivered by the sprinkler irrigation system, while Perth demanded nearly all of the water 
delivered by the irrigation system. The rest three cities required the majority of the water 
delivered by the irrigation system with the irrigation water occupying 60% (Sydney), 75% 
(Melbourne), and 88% (Melbourne) of the total water delivered to the sites. To grow lettuce, 
all five cities received less than half of the total water from rainfall, and rainfall proportions 
ranged from 13% (Perth) to 41% (Brisbane). In all cities, except in Brisbane, maize was the 
least irrigation-dependent among the crops (30.9% – 62.3%). To grow onions, only 9% of the 
total water required was from rainfall in Perth, 11% in Adelaide, 23% in Melbourne, 34% in 
Sydney, and 56% in Brisbane. Potatoes grown in Perth had precipitation being the major 
supply of water; whereas in other cities, this was not the case. With regard to sweet melons, 
precipitation supplied 61% of the required water in Brisbane. In the other four cities, 
irrigation was still the major source of water input. Growing tomatoes in Brisbane needed 
less irrigation (44% of the total water from irrigation) comparing with the irrigation needed 
when growing them in other cities, and Perth was the most irrigation water dependent, with 
91% of the total water delivered by the irrigation system.  
The curves of percentages of irrigation to the total water delivered in the five cities for 
groundnuts, sweet melons, tomatoes, onions, and capsicums had similar shapes. Irrigation-
dependent levels of the cities had the order, from the lowest to the highest, of Brisbane, 
Sydney, Melbourne, Adelaide, and Perth. With regard to carrots and lettuce, their curves of 
percentages shared similar trends with the order, from the lowest to the highest, of Brisbane, 
Sydney, Melbourne, Perth, and Adelaide. For potatoes and maize, they shared the same order 
of irrigation-dependent levels, from the lowest to the highest, of Perth, Adelaide, Sydney, 
Melbourne, and Brisbane. For beans, the order was Perth, Brisbane, Melbourne, Adelaide, 
and Sydney. To sum up, compared with the other four cities, Brisbane was the least irrigation 
water dependent when growing groundnuts, sweet melons, tomatoes, onions, capsicums, 
carrots and lettuce; and Perth was the least irrigation water dependent when growing beans, 
maize, and potatoes.  
When growing capsicums, carrots, groundnuts, lettuce, onions, sweet melons, and tomatoes, 
Brisbane required the least amount of irrigation water, and also used the total water delivered 
to the crop fields the least beneficially. This can be explained that irrigation was triggered 
when root zone needed more water to sustain full plant transpiration, and the irrigation 
amount each time would not cause deep percolation. If there was deep percolation, it was 
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precipitation that caused such waste of water. The six-growing-cycle averaged precipitation 
in Brisbane was 690 mm. The value was 1.8 (Sydney), 2.8 (Melbourne), 5.6 (Adelaide), and 
6.9 (Perth) times higher than these values for the other four cities. The more frequent and 
larger rainfall events in Brisbane caused the most amounts of water lost through deep 
percolation. Figure 6-8 shows that the seven crops in Brisbane had the largest amounts of 
deep percolation compared to these occurred in the other cities. Similarly, Perth was the least 
irrigation water dependent when growing beans, maize, and potatoes, which resulted in Perth 
being the city that used the water delivered the least beneficially. The highest deep 
percolation depths when growing the three crops in Perth are evident in Figure 6-8.  
For the four crops – beans, lettuce, maize and potatoes, a city being more irrigation dependent 
was not necessarily the one used the total water more beneficially. Nevertheless, in general, a 
city that is more irrigation dependent is likely to use larger portion of the total water delivered 
beneficially. 
 
 
Figure 6-7 The percentages of irrigation to the total water delivered for the ten crops in the 
five cities. The irrigation and total water delivered were the totals in one cycle which were 
the average of the six growing cycles.    
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Figure 6-8 Deep percolation in one growing cycle for the ten crops in the five cities. They 
were the average of the six cycles.  
 
6.3.2 Yield and irrigation requirements within the 2013-2014 financial year                                  
Crop water use and irrigation requirements are important aspects of urban agriculture. The 
relationship between the yields of the ten crops in the five cities and the corresponding 
irrigation requirements is investigated in the following to provide an indication of (i) which 
cities will have the highest yields per millimetre of irrigation water for the ten crops, and (ii) 
which crops will perform better than the other crops in terms of yield per millimetre of 
irrigation water. Table 6-2 lists values for yields of the ten crops grown in the five Australia’s 
states within which the five major cities are located. These values were from Agricultural 
Commodities, Australia, states, and territories – 2013-2014 (Australian Bureau of Statistics, 
2015). Groundnuts and sweet melons had the highest yields in New South Wales. Capsicums 
and maize had the highest yields in Victoria. Beans and lettuce had the highest yields in 
Queensland. The highest yields of carrots, onions, potatoes and tomatoes occurred in Western 
Australia. Since the ABS does not provide yield values for the five cities, the values for the 
states were used to represent yield values for the cities. The growing periods of the ten crops 
within the financial year of 2013-14 are shown in Table 6-3 where the irrigation depths 
during each crop’s growing period in the five cities are also presented.  
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Table 6-2 The yields [t/ha] of the ten crops in Australia’s five states for the financial year of 
2013-2014 
 
New South 
Wales 
(Sydney) 
Victoria 
(Melbourne) 
Queensland 
(Brisbane) 
South Australia 
(Adelaide) 
Western 
Australia 
(Perth) 
Beans 2.67 4.31 4.52 not for publication 1.28 
Capsicums 9.94 25.95 22.77 16.33 24.30 
Carrots 43.92 45.31 38.10 56.04 60.59 
Groundnuts 4.50 not available 2.87 not available not available 
Lettuce 15.84 14.32 19.95 10.85 17.93 
Maize 9.44 11.11 5.25 not available 9.77 
Onions 21.69 43.96 41.86 57.25 76.46 
Potatoes 31.61 38.51 30.58 38.62 47.18 
Sweet melons 40.15 15.13 35.77 30.81 27.21 
Tomatoes 23.98 57.98 33.69 not for publication 60.07 
 
Table 6-3 The growing periods of the crops within the financial year of 2013-2014 and the 
irrigation depths during these periods for the crops  
Crops Growth period Irrigation [mm] SYD MEL BNE ADL PER 
Beans 1/08/2013 – 29/10/2013 556 286 412 300 195 
Capsicums 1/10/2013 – 28/01/2014 798 748 616 887 936 
Carrots 1/08/2013 – 28/12/2013 874 607 690 719 662 
Groundnuts 1/11/2013 – 20/03/2014 652 843 612 953 1073 
Lettuce 1/10/2013 – 14/12/2013 497 344 374 464 514 
Maize 1/06/2013 – 18/10/2013 613 334 479 260 126 
Onion 1/10/2013 – 27/02/2014 936 939 754 1056 1140 
Potato 1/07/2013 – 23/10/2013 647 364 458 281 158 
Sweet melons 1/10/2013 – 28/02/2014 680 795 574 891 992 
Tomato 1/10/2013 – 22/02/2014 839 881 705 1011 1085 
 
Figure 6-9 shows the ratios of yield to irrigation required by the ten crops during the growing 
cycles within the financial year of 2013-14. The higher the ratio means the higher the yield 
per millimetre of irrigation water. Zero values mean that the yield data are either not available 
or available but not for publication.  
The values were plotted against the cities so that the cities that had the highest values for 
yield per millimetre of irrigation for the crops can be identified. Beans in Brisbane had the 
highest yield. They also performed well in terms of yield per millimetre of irrigation water 
with the ratio closely following the highest ratio that occurred in Melbourne. When beans 
were grown in Sydney and Perth, the ratios were significantly smaller, making these two 
places unideal to grow beans if yield and irrigation are both considered to be important. 
Capsicum was a more ‘water-saving’ crop than beans since per millimetre of irrigation water 
Chapter 6 Model Application 
 
6-19 
 
resulted in a much higher yield. Capsicums in Brisbane produced the highest yield per 
millimetre of irrigation water, followed by Melbourne, Perth, Adelaide and Sydney. Carrot 
was a worth-investing crop since it was considered as a crop that had very high yield per 
millimetre of irrigation water in all the cities. Carrots in Perth achieved a yield-to-irrigation 
ratio of 0.092 t/ha/mm, followed by Adelaide, Melbourne, Brisbane, and Sydney. For 
groundnuts, the ABS only provided yield values for Sydney and Brisbane. The ratios of yield 
to irrigation in both locations were low compared to the other crops’ yield-to-irrigation ratios. 
In Brisbane, the yield-to-irrigation ratio for lettuce was the highest. The ratios in Sydney, 
Melbourne, Adelaide and Perth were slightly lower. The best location to grow maize would 
be Perth where the highest ratio occurred. Maize in Melbourne produced the second highest 
ratio that was much lower than the ratio in Perth – 2.32 times lower. Maize in Sydney and 
Brisbane had much lower ratios than that in Melbourne. Perth was the ideal location for 
growing onions since it had the highest ratio of 0.067 t/ha/mm. Sydney was the worst place to 
grow onions because of the lowest ratio of 0.023 t/ha/mm. In the other three cities, the ratios 
were about 0.05 t/ha/mm. Potato was the most productive crop among the ten crops with 
regard to irrigation water requirement. The highest ratio, in Perth, reached 0.2985 t/ha/mm. In 
Melbourne and Adelaide, potatoes also had very high values for yield per millimetre of 
irrigation water. The lowest ratio occurred in Sydney. Sweet melons in Brisbane achieved the 
highest ratio among the cities, followed by Sydney, Adelaide, Perth, and Melbourne. In terms 
of tomatoes, Melbourne was the best location, followed by Perth, Brisbane and Sydney. The 
same crop that was grown in different places can produce significantly different ratios of 
yield to irrigation. For instance, the ratio of maize in Perth was about 7 times higher than that 
in Brisbane.  
Figure 6-9 can also be used to compare the crops among themselves regarding to their 
performance of yield per millimetre of irrigation water. Averaging across all the cities, 
potatoes had the best performance among all the crops in terms of yield per millimetre of 
irrigation water. Groundnuts had the worst performance among all the crops. For the other 
crops, the order of the performance, from the lowest to the highest, was beans, capsicums, 
maize, lettuce, water melons, onions, tomatoes, and carrots.  
The ratios of yield to irrigation water presented here may not be accurate, since the ABS does 
not provide irrigation amounts applied to each crop that resulted in the yield of each crop. It 
was assumed that all the crops were under the best management of agronomic and other 
inputs, and in the absence of manageable abiotic and biotic stresses. By calculating just 
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enough water to sustain full plant transpiration, the ratios of yield to irrigation water 
discussed here do provide indications of how well a crop or a city performs.  
 
 
Figure 6-9 The ratios of yields [t/ha] of the crops within 1/07/2013 – 30/06/2014 to the 
corresponding irrigation requirements [mm] during the growing cycles within the same year 
 
6.4 The ten crops grown on rooftops in Australia’s five major cities 
This set of simulation computed evaporation, evapotranspiration and irrigation requirements 
of the same ten crops as these in Section 6.3 grown in the same five cities. The planting dates, 
the lengths of the crops’ growing periods, the irrigation method, and the soils for the crops 
were the same as before. However, the simulation results described in this section were for 
the crops that were grown on rooftops. The schematic representation of the simulation is 
shown in Figure 5-6.  
The six-cycle-averaged evapotranspiration and irrigation depths of the ten crops grown on 
rooftops in the five cities are shown in Figure 6-10. In Sydney, beans evapotranspired the 
least amount of water, closely followed by lettuce. Potatoes and maize, respectively, 
evapotranspirated 78 mm and 150 mm more water than beans did. The rest of the crops 
evapotranspirated significantly more water. Sweet melons, capsicums, carrots, groundnuts, 
tomatoes, and onions evapotranspired 1.67, 1.71, 1.86, 1.89, 2.05, and 2.09 times more water 
than beans did, respectively. With regard to irrigation requirements, the depths ranged from 
425 mm (beans) to 867 mm (tomatoes). What is interesting is that tomatoes required twice 
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more water than beans needed to complete one growing cycle. In general, the crops that 
evapotranspired less water required less irrigation water. However, there were two exceptions, 
although the figures were not significant. Groundnuts evapotranspired 18 mm more water 
than carrots did, but required 19 mm more water than carrots needed. Similarly, onions lost 
15 mm more water through evapotranspiration than tomatoes did, but tomatoes required 
4 mm more water than onions did.  
In Melbourne, beans again evapotranspired the least amount of water, closely followed by 
potatoes, maize, and lettuce. The rest of the crops evapotranspired much more water. Carrots 
lost 742 mm of water through evapotranspiration, which was 2.11 times more water than the 
amount that beans evapotranspired. Capsicums, sweet melons, groundnuts, tomatoes, and 
onions, respectively, evapotranspired 56 mm, 94 mm, 202 mm, 236 mm, and 253 mm more 
water than carrots did. In terms of irrigation demands, the crops evapotranspired more water 
usually required more irrigation water, except that potatoes evapotranspired 34 mm less water 
than maize did, but required 13 mm more water than maize required. The irrigation amounts 
ranged from 284 mm (beans) to 916 mm (onions). Apparently, to grow one cycle of onions, 
3.22 times more water was required than growing one cycle of beans.  
In Brisbane, beans still lost the least amount of water through evapotranspiration. Similar to 
the situation in the above cities that potatoes, lettuce and maize evapotranspired slightly more 
water than beans did; and the rest of the crops lost more water ranging from 660 mm (sweet 
melons) to 814 mm (onions). Beans evapotranspired the least amount of water also required 
the least amount of irrigation water. Lettuce, maize and potatoes required similar amounts of 
water. The irrigation demands by the rest of the crops were much more which were between 
518 mm (sweet melons) and 679 mm (tomatoes).  
In Adelaide, the evapotranspiration amounts of the crops had the same order as that of those 
values in Melbourne, but with greater values increased by different amounts for different 
crops. The evapotranspiration amounts ranged from 354 mm (beans) to 1,058 mm (onions). 
Although maize in Adelaide lost the third least amount of water through evapotranspiration, it 
required the least amount of irrigation water among the crops. Beans required slightly more 
water than maize did – 27 mm more. Potatoes required 6 mm more irrigation water than 
beans needed. Lettuce required 463 mm of irrigation water. The rest of the crops demanded 
much more water. Carrots, capsicums, sweet melons, groundnuts, tomatoes, and onions, 
respectively, needed 2.66, 3.16, 3.26, 3.62, 3.86, 3.92 times more water than maize required.  
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In Perth, the evapotranspiration of the crops also followed the same order of the 
evapotranspiration of the crops in Melbourne, but with different amounts. Beans 
evapotranspired the least amount of water similar to the situation in the other cities. Potatoes 
closely followed beans. Closely following that were maize and lettuce. Similar to the other 
cities, the rest six crops lost much more water through evapotranspiration ranging from 
788 mm (carrots) to 1,100 mm (onions). Turning to irrigation demands, maize required the 
least amount of irrigation water although it evapotranspired the third least amount of water 
among the crops. Beans and potatoes, respectively, required 9 mm and 19 mm more water 
than maize did. Lettuce required 2.03 times more water than Maize needed. The rest of the 
crops again demanded significantly more irrigation with the values ranging from 677 mm 
(carrots) to 1,068 mm (onions).  
Perth was the place best for growing beans, maize, and potatoes since these crops required 
the least amounts of irrigation water in that location among the cities; and Sydney was the 
worst place to grow these vegetables since they needed the most amounts of irrigation water 
among the cities. These three crops in Sydney required 1.8 times (beans), 2.2 times (maize) 
and 1.8 times (potatoes) more water than these required in Perth. For the rest seven crops, the 
best place was Brisbane where the least amounts of irrigation water were required. And for 
the same seven crops, except for carrots, the worst city was Perth where the most amounts of 
irrigation were needed. The ratios of irrigation amounts required in Perth to the irrigation 
amounts required in Brisbane were 1.5 (capsicums), 1.8 (groundnuts), 1.3 (lettuce), 1.6 
(onions), 1.7 (sweet melons) and 1.6 (tomatoes). For carrots, the worst city was Sydney 
where they required the most amount of irrigation water which was 1.3 times more than that 
required in Brisbane. 
 
        
Figure 6-10 Evapotranspiration and irrigation values for the ten crops grown on rooftops in 
the five cities in one growing cycle. The values were the average of the six growing cycles.  
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Figure 6-10 (continued)             
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Figure 6-11 compares evapotranspiration and irrigation amounts of the crops grown in fields 
with these of the crops grown on rooftops in the five cities. Figure 6-11 (a) presents the 
percentage increases of the evapotranspiration amounts on rooftops. The values were 
computed by dividing the differences between evapotranspiration on rooftops and 
evapotranspiration in fields by evapotranspiration in fields. For the ten crops in the five cities, 
the percentage increase values were all below 10%. For any crop, the percentage increase 
values in the five cities did not differ greatly. For beans, the percentage increases in the five 
cities were between 3.6% (Perth) and 5% (Sydney). The percentage increase values for 
capsicums were lower which ranged from 1.7% (Adelaide) to 2.4% (Sydney). Carrots grown 
on a rooftop lost 2.9% (Brisbane) – 3.5% (Melbourne) more water through evapotranspiration 
than the field carrots did. Lettuce grown on a rooftop only lost slightly more 
evapotranspirational water than it did when grown in a field with percentage increases 
ranging from 0.8% (Adelaide) to 1.8% (Sydney). Percentage increase values for onions were 
low compared with the values for the other crops. Potatoes’ percentage increase values were 
slightly higher than onions’.  
Groundnuts, maize, sweet melons, and tomatoes had higher evapotranspiration percentage 
increases than the other six crops had. Groundnuts’ percentage increases ranged from 6.3% 
(Adelaide) to 8.2% (Sydney). Maize on a rooftop evapotranspired 5.4% (Adelaide) – 7.8% 
(Brisbane) more water than those grown in a field. Sweet melons on a rooftop lost 6.9% 
(Brisbane) – 9.4% (Sydney) more water through evapotranspiration than those grown in a 
field. Tomatoes’ rooftop percentage increase values were between 5.5% (Melbourne) and 7.6% 
(Sydney).  
Figure 6-11 (b) presents irrigation percentage increases for the ten crops grown on rooftops in 
the five cities. The values were calculated by dividing the differences between irrigation 
depths on rooftops and irrigation depths in fields by irrigation depths in fields. A negative 
percentage means that irrigation for a crop in a field was more than the irrigation for the same 
crop grown on a rooftop. For beans, in all the cities, except in Adelaide, irrigation demands 
on rooftops were more than those demanded in fields. The percentage increase values were 
between 2.3% and 6.7%. In Adelaide, beans grown in a field actually required more water 
than those grown on a rooftop by 1.2%.  
For capsicums, Adelaide and Perth required 1.8% and 1.1% more water on rooftops. The 
irrigation percentage increases in Sydney, Melbourne, and Brisbane were substantially larger. 
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Irrigation percentage increase values for carrots were between 3.8% (Adelaide) and 11.1% 
(Sydney). Groundnuts grown on rooftops in Sydney and Brisbane required about 24% more 
water (in each city) than those grown on the ground. Both Adelaide and Perth required about 
6% more water; and Melbourne required 12.2% more water. Lettuce in Adelaide and Perth 
required 3.5% and 2.5%, respectively, more water on rooftops. In Sydney, Melbourne and 
Brisbane, the irrigation percentage increases on rooftops were more with the values ranging 
from 8.4% to 10.9%. For maize, the irrigation percentage increase values varied the most 
across the five cities among the crops. Maize grown on the ground in Melbourne required 
about 3.7% more water than they grown on rooftops. In Brisbane and Adelaide, slightly more 
water was needed by maize to be grown on a rooftop. In Sydney and Perth, rooftop irrigation 
percentage increases for maize were significantly more – 6.9% and 13.7% more water, 
respectively. With respect to onions, the irrigation demands on rooftops increased 12.3% and 
15.7% in Sydney and Brisbane correspondingly. In Melbourne, Adelaide, and Perth, the 
water demands increased less for the crop on rooftops, which were 5.8%, 2.8% and 2.6%, 
respectively. Potatoes in Sydney, Melbourne, Brisbane and Adelaide required 2.2% to 3.8% 
more water when grown on rooftops. In Perth, potatoes grown on a rooftop, with irrigation 
percentage increase of 9.3%, increased the most amount of irrigation water than potatoes 
grown on rooftops in the other cities. Irrigation water percentage increase for rooftop sweet 
melons in Brisbane reached 24%. The value in Sydney was 16.6%, then down to 8.9% in 
Melbourne. Such values in Adelaide and Perth were the lowest – about 4%. Tomatoes on 
roofs in Sydney and Brisbane required 22.8% and 26.9% more water to achieve the full crop 
transpiration. The percentage increase in Melbourne was about half of that occurred in 
Brisbane; and the values in Adelaide and Perth were about 7.9%.  
There exist some trends that should be pointed out. The crops grown on rooftops were more 
irrigation water dependent than the same crops grown in fields. For capsicums, carrots, 
groundnuts, lettuce, onions, sweet melons and tomatoes, the percentage increase values for 
Adelaide and Perth were smaller than these values for the other three cities. In Brisbane 
among the cities, capsicums, groundnuts, onions, sweet melons and tomatoes increased the 
most amounts of irrigation water when they were grown on rooftops than when they were 
grown in fields. For the same crops, the second most increases in irrigation requirements on 
rooftops occurred in Sydney, and the third most increases occurred in Melbourne.  
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(a) 
 
 
(b) 
Figure 6-11 (a) Evapotranspiration percentage increases ((evapotranspiration on rooftops – 
evapotranspiration in fields)/(evapotranspiration in fields) × 100%); (b) Irrigation percentage 
increases ((irrigation on rooftops – irrigation in fields)/irrigation in fields × 100%) 
 
Figure 6-12 shows the transpiration-to-evapotranspiration percentages on rooftops. The 
corresponding figure showing such percentage values for the field case is Figure 6-5. Overall, 
the percentages of transpiration to evapotranspiration on rooftops moved downward towards 
the 50% grid. In the field case, the lower boundary was 52.8% for lettuce occurred in Sydney 
and the upper boundary was 82.1% for onions in Perth. In the rooftop case, the lower 
boundary was 51.9 % for lettuce occurred in Sydney and the upper boundary was 75.2% for 
onions in Perth. Comparing the percentages of transpiration to evapotranspiration occurred on 
rooftops with the percentages occurred in fields, the values on rooftops, averaged across the 
five cities, decreased 2.90% (beans), 1.29% (capsicums), 2.26% (carrots), 4.37% 
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(groundnuts), 0.71% (lettuce), 4.88% (maize), 7.39% (onions), 1.17% (potatoes), 5.07% 
(sweet melons), and 4.70% (tomatoes). Since the crops evapotranspired more water on 
rooftops and the percentages of transpiration to evapotranspiration decreased on rooftops, 
crops grown on rooftops lost more water through evaporation than the same crops grown in 
fields. Therefore, growing crops on rooftops is likely to waste more water through 
evaporation than growing the same crops in fields.        
 
 
Figure 6-12 The percentages of transpiration to evapotranspiration on rooftops. Transpiration 
and evapotranspiration values were the totals occurred in one cycle. They were the average of 
the six cycles. 
 
Figure 6-13 presents the percentages of transpiration to the total water delivered to the 
rooftops, so that the portions of the water delivered to the rooftops that were used beneficially 
can be found. The corresponding figure for the field case is Figure 6-6. Nearly all of the crops 
in all five cities decreased the percentages (there exist some increased percentages) when 
they were grown on rooftops. The average percentage decreases (excluding the increased 
percentages) for the crops were 13% (beans), 21% (capsicums), 11% (carrots), 21% 
(groundnuts), 30% (lettuce), 4% (maize), 14% (onions), 9% (potatoes), 20% (sweet melons), 
and 16% (tomatoes). Beans, maize and potatoes in Perth actually increased the percentages – 
0.4%, 12%, and 5%, respectively. Maize in Adelaide also increased the percentage by 8%. 
These findings suggest that growing crops on rooftops tend to use water less efficiently with 
larger portions of total water being wasted through evaporation or percolation.     
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Figure 6-13 The percentages of transpiration to the total water delivered to the rooftops. 
Transpiration, irrigation and rainfall were the average of the six sums of the growing cycles.  
 
It was expected that percolation from the thinner soil layer on a rooftop would be more than 
that from the deeper root zone in a field. However, it turned out to be that this was not 
necessarily true for every crop or for every city as shown in Figure 6-14. The values in Figure 
6-14 were derived by dividing the difference between percolation on a rooftop and deep 
percolation in a field by deep percolation in the field. For beans, deep percolations in fields 
were more than these on rooftops in all five cities with percentage differences ranging from 4% 
(Sydney) to 28% (Adelaide). Similarly, in all five cities, growing maize on rooftops resulted 
in less percolations than maize grown in fields with percentage differences being between 8% 
(Perth) and 42% (Melbourne). On the contrary, in all five cities, growing lettuce, onions and 
tomatoes on rooftops generated more percolations than growing in fields. The percentage 
increases for lettuce were between 16% (Perth) and 31% (Sydney). Such increments for 
onions ranged from 17% (Brisbane) to 49% (Perth). Tomatoes increased the percolation 
depths by 5% (Perth) to 41% (Sydney). Potatoes grown on rooftops increased deep 
percolation depths in all cities, except in Adelaide where no difference was found. The 
percentage increase values were between 2% (Sydney) and 7% (Perth).  
For capsicums and groundnuts, on rooftops they produced more percolations than the field 
situation in Sydney, Melbourne and Brisbane; whereas in Adelaide and Perth it was the 
opposite. Rooftop percolation percentage increases for capsicums in the three cities were 
between 13% (Brisbane) and 25% (Sydney); and the percentage decreases for capsicums in 
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the two cities were 18% (Adelaide) and 26% (Perth). The rooftop percentage increases for 
groundnuts in the three cities ranged from 10% (Brisbane) to 40% (Sydney); and the 
percentage decreases in the two cities were 14% (Adelaide) and 27% (Perth). For carrots, 
growing on rooftops in all cities, except in Adelaide, increased the percolation depths – 3% 
(Perth) to 29% (Sydney). Growing carrots on a rooftop in Adelaide decreased the percolation 
depth by 8%. With respect to water melons, in Melbourne, Adelaide and Perth, growing in 
fields produced more deep percolations than growing on rooftops. Field deep percolation 
percentage increases reached 57% in Perth and 50% in Adelaide. This percentage was 6% in 
Melbourne. In Sydney and Brisbane, the situation was reversed that percolations on rooftops 
were more and the percentage increases were about 11% in both places.     
 
 
Figure 6-14 Rooftop percolation percentage change comparing with the deep percolations 
took place in fields. The values were derived using ((percolation on a rooftop – deep 
percolation in a field)/deep percolation in a field × 100%). The values were the sum of 
percolation occurred during one cycle; and they were the average of the six growing cycles.   
 
In conclusion, evaporation depth from clay was the largest among the five soils, followed by 
loam, sandy loam, loamy sand and the smallest evaporation depth was from sand. The five 
soils evaporated the most amounts in Sydney among the cities, followed by Brisbane, 
Melbourne, Perth and Adelaide.  
Regarding to the field case, in all five cities, beans and onions, respectively, evapotranspired 
the least and the most amounts of water. The crops that required the least amounts of 
irrigation were beans, lettuce, and maize occurred in different cities. Onions demanded the 
largest quantities of irrigation in all the cities. Beans, lettuce, maize, and potatoes lost much 
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less water through evapotranspiration than capsicums, carrots, groundnuts, onions, sweet 
melons and tomatoes did; and also required much less irrigation water than the latter six 
crops needed in all five cities. One striking result to emerge from the data was that in the 
same city, irrigation water required by different crops can differ by substantial amounts. The 
most predominant difference took place in Perth where onions required 5 times more water 
than maize required. It suggests that water required for growing one cycle of onions can 
support five growing cycles of maize. Capsicums, carrots, groundnuts, lettuce, onions, sweet 
melons and tomatoes maybe the best to be grown in Brisbane among the other cities where 
these crops required the least amounts of irrigation water. For beans, maize and potatoes, 
Perth among the urban areas maybe the optimal place where they needed the least amounts of 
irrigation water.   
More than 50% of evapotranspiration was lost through transpiration for all the ten crops in all 
the cities. The percentages of transpiration to evapotranspiration were the lowest for lettuce 
among the crops in all the cities. For other crops in the five cities, the percentages spaced 
between 62% and 81.5%.  
For capsicums, carrots, groundnuts, lettuce, onions, sweet melons and tomatoes, Brisbane 
among the other cities wasted the largest portions of the total water through evaporation or 
deep percolation. The city used the largest portions of the delivered water beneficially for all 
of these crops (except carrots) was Perth. For beans, maize, and potatoes, Perth wasted the 
largest portions of the total water; and Melbourne used the largest parts of the delivered water 
beneficially. 
Capsicums, carrots, groundnuts, lettuce, onions, sweet melons and tomatoes in Brisbane 
among the cities were the least irrigation dependent; and beans, maize and potatoes in Perth 
among the cities depended on irrigation water the least. A city that is more irrigation water 
dependent tends to use a larger portion of the total water beneficially.  
The same crop grown in different cities can have significantly different ratios of yield to 
irrigation. Beans and tomatoes in Melbourne had the highest ratios. Capsicums, lettuce, and 
sweet melons in Brisbane had the highest ratios. Carrots, maize, onions, and potatoes in Perth 
had the highest ratios. Groundnuts in Sydney had the highest ratio. Averaging across all the 
cities, potatoes had the highest yield per millimetre of irrigation water, and groundnuts had 
the lowest yield per millimetre of irrigation water among the crops.  
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In the rooftop case, in all cities, beans, lettuce, maize and potatoes lost less water through 
evapotranspiration than capsicums, carrots, groundnuts, onions, sweet melons, and tomatoes 
did. The former four crops also required less irrigation water than the latter six crops in all 
cities. Beans evapotranspirated the least amounts of water in all the cities. Beans or maize 
required the least amounts of irrigation water in the cities. Onions evapotranspired the most 
amounts of water. Onions or tomatoes required the most amounts of irrigation water. In each 
city, irrigation water required by onions or tomatoes was significantly more than that required 
by beans or lettuce. The most significant difference occurred in Perth where onions required 
4.7 times more water than maize needed. Growing beans, maize and potatoes in Perth among 
the cities needed the least amounts of irrigation water. For the other seven crops, Brisbane 
was the best city where the least amounts of irrigation water were required.  
The rooftop crops in all five cities evapotranspired more water than the field crops, with less 
than 10% increase for all the cases. The rooftop crops also required more irrigation than the 
field crops did, except for beans in Adelaide and maize in Melbourne. The percentage 
increases occurred on rooftops varied between crops and also between cities, and the 
maximum irrigation water increase, 26.9%, took place in Brisbane for tomatoes.  
Compared with the field case, the transpiration to evapotranspiration percentages on rooftops 
were smaller for all the crops in all five cites with percentage decreases (averaged across all 
the cities for each crop) ranging from 0.71% (lettuce) to 7.39% (onions).  
Crops on rooftops are likely to take up less portions of total delivered water than crops in 
fields do.  
Compared with the deep percolations from deeper field root zones, the thinner soil layers of 
the agriculture green roofs, surprisingly, did not result in more percolations for all the crops 
in the five cities. In all five cities, lettuce, onions, potatoes, and tomatoes on rooftops 
produced more percolations than they did in fields. Beans and maize on rooftops in all five 
cities generated less percolations. The other crops on rooftops in some cities produced more 
percolations and in other cities produced less.  
 
6.5 Uncertainties in the results 
There existed uncertainties in the evaporation, transpiration, and irrigation results estimated 
using the FAO-56 method with the Tew Extension; and the modified FAO-56 method with the 
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Tew Extension (for rooftop applications). Uncertainties attributed mainly to input data that 
were not specific to the growing sites, and lack of model calibration against measured 
transpiration, evaporation and irrigation data. Input data included ET0, weather data, soil data, 
and crop data (Box C in Figure 4-8).  
ET0 and weather data were obtained from the BoM website at the weather stations within the 
cities specified in Section 6.1. Within a city, ET0 and weather data can be significantly 
different from site to site, and from ground to rooftops. Therefore, a field or a rooftop that is 
far from the weather station may have substantially different ET0 and weather parameter 
values. ET0 and weather parameter values measured on a growing site should be used in the 
model.  
Soils had already existed in a field or chosen to be used on a roof may be different in each 
city. The soil data used in the model were obtained from the FAO-56 document and the same 
soil parameters for a crop were used for the five cities. Physical characteristics of a soil exists 
in a field or used on a rooftop in a city should be obtained to be used in the model for more 
accurate estimates.  
The input parameters related to a crop are affected by climatic conditions, growing 
environment, soil composition, cultural methods and crop varieties as mentioned in Section 
4.4. Suitable planting date, length of crop growth stages, Kcb values for each stage, average 
crop height and maximum root zone for a crop may vary considerably in each city. Rooftop 
growing conditions make evapotranspiration and irrigation estimations more complicated. As 
discussed in Section 4.2.5, the differences in crop growing conditions between a rooftop and 
a field are weather conditions, soil materials, soil depth, and choices of irrigation system. The 
modified model considers the effects of limited soil depth on the water balance of the soil 
layer of an agricultural green roof. However, the effects of rooftop extreme weather 
conditions and shallow soil depth on the growth of a crop and root development are not 
considered in the modified model. Suitable planting date, length of crop growth stages, Kcb 
values for each stage, average crop height and maximum root zone of a crop may 
significantly different from that grown in a field. Thus, crop transpiration, soil evaporation, 
and irrigation requirements of a crop maybe different depending on whether grown in a field 
or on a rooftop.   
The FAO-56 method with the Tew extension is typically applied to ground-level situations. 
The application of the FAO-56 method with the Tew extension to agricultural green roof 
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systems required some modifications to the original equations. As mentioned in the 
paragraph above that the modified model takes into account the effects of shallow soil depth 
on water balance of the soil layer, but it does not consider other possible factors affecting 
estimation results. Model calibration is of essence to understand critical model modifications. 
Critical model modifications may include original equation modifications, and input data 
modifications. However, measured evaporation, transpiration and irrigation values for the ten 
crops in the five cities that can be used for model calibration were not available in the 
literature. As a result, model calibration was not possible; and the estimated evaporation, 
transpiration, and irrigation values for the crops may deviate from real values.  
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Chapter 7  Conclusion 
7.1 Introduction 
The aims of this chapter are to highlight the main findings of the present study and to provide 
insight into future research work.  
 
7.2 Final remarks 
Typical structure and materials of green roof systems were discussed in Chapter 3, using the 
ASLA green roof, Soka-Bau green roof, and Victoria desalination project green roof as case 
studies. These were selected to provide the state of the art in existing green roof technology 
around the world, with particular interest devoted to the construction material and installation 
techniques for the construction of extensive and intensive green roofs on existing and new 
buildings.  
A comprehensive review of the current literature was completed to examine green roofs’ 
effectiveness in urban stormwater runoff retention and detention, and also in runoff water 
quality improvement. The key findings are that the responses given by the test green roofs to a 
single precipitation event varied widely from no rainfall retention to full retention. These 
results were not correlated to any particular season. Annual rainfall retention results revealed 
that green roofs can significantly help to reduce the volume of urban stormwater runoff with 
annual overall retention values ranging from 36% to 85% in different experimental green roofs. 
The average values for peak flow rate reduction demonstrated that the test green roofs were 
able to reduce the peak outflow rate greatly when comparing with peak rainfall intensities 
(average reduction were between 44.3% and 88%). Comparing with peak runoff rates from 
impervious roofs, the green roofs also produced much lower peak outflow rates (average 
reduction were between 30.5% and 91.1%). The results related to runoff delay support the idea 
that green roofs in urban areas can help to alleviate stormwater runoff related issues. By 
releasing rainwater at later times, green roofs can relieve problems associated with large 
quantity of stormwater surging on impervious surfaces such as roads, car parks, etc.. With 
regard to the benefit of stormwater runoff quality improvement, the green roofs were not as 
effective as they were for stormwater runoff control benefits. In fact, green roofs can potentially 
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deteriorate rainwater quality. In most cases, for most of the elements used to represent the 
quality of green roof outflows and incoming water, the test green roofs increased the 
concentrations. However, one benefit consistently offered by the green roofs was that they 
could rapidly neutralize acidic rainfall.  
International literature relating to hydrologic models of GI and green roof systems were also 
reviewed in detail to highlight the contribution of current work to the field of hydrologic 
modelling of GI. Estimation of evapotranspiration was identified to be the research gap. 
Consequently, the FAO-56 method with the Tew Extension has been employed to estimate 
evapotranspiration. The method also allows to schedule irrigation. The FAO-56 method was 
modified so that it can be applied to agricultural green roofs. The method and the modifications 
have been implemented in a Matlab code. The code can be applied to estimate evaporation 
from soil and transpiration from crops for about 80 crops. Timing and depth for each irrigation 
event could also be determined. The code was written in such a way that user can choose to 
estimate evaporation only or both evaporation and transpiration. User can also choose 
simulation period, location (as long as the relevant weather parameters are available on the 
BoM website), field planting or rooftop planting, date of planting, soil type, irrigation method 
or no irrigation at all, percentage of dead vegetation coverage during non-growing periods, and 
amount of irrigation each time when irrigation is triggered. The code can be used as a stand-
alone application to predict crop water use, and schedule irrigation, or can be incorporated into 
the existing GI hydrologic models for more accurate estimate of water loss through 
evapotranspiration.  
The correct use of the relevant weather data provided by the BoM and the correct application 
of all the equations involved in the FAO-56 method were checked against the available 
examples in the FAO-56 document (Allen et al., 1998). The improvements provided by the Tew 
Extension incorporated FAO-56 method was discussed in Chapter 5. In addition, the 
modifications made to the FAO-56 method with the Tew Extension for rooftop agriculture 
application were justified in Chapter 5.   
The matlab code was then applied to urban agriculture and agricultural green roofs. 
Evapotranspiration and irrigation needs of the ten popular crops planted in fields and on 
rooftops in Australia’s five major cities were calculated using historical weather data. These 
results signify water use of different crops in different urban areas and irrigation amounts that 
are to be expected if such practices are going to be widely adopted in urban centres.  
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Some common trend shared by the crops grown in fields and on rooftops were discussed. 
Different crops planted in the same city resulted in significantly different irrigation 
requirements. If irrigation water availability in a city is an issue, beans, lettuce, maize and 
potatoes maybe the better choices than capsicums, carrots, groundnuts, onions, sweet melons 
and tomatoes since the former four crops required much less irrigation water. Capsicums, 
carrots, groundnuts, lettuce, onions, sweet melons and tomatoes maybe the best to be grown in 
Brisbane among the five cities where these crops required the least amounts of irrigation water. 
For beans, maize and potatoes, Perth among the urban areas maybe the optimal place where 
they needed the least amounts of irrigation water.   
For all crops in all five cities, the rooftop crops evapotranspired more water than field crops 
did with percentage increases all below 10%. Likewise, nearly in all cases, crops grown on 
rooftops demanded more irrigation than these crops grown in fields with the maximum 
percentage increase of about 27%.  
Most of the water lost through evapotranspiration was transpiration in both field and rooftop 
cases; however, the percentages of transpiration to evapotranspiration on rooftops were smaller 
when compared with these values in the field case for all the crops in all five cites.  
Capsicums, carrots, groundnuts, lettuce, onions, sweet melons and tomatoes grown in fields in 
Brisbane among the cities took up the least portions of the total water delivered to the sites, 
and were also the least irrigation dependent. Beans, maize and potatoes grown in Perth took up 
the least portions of the total water and also depended on irrigation water the least. In general, 
a city that is more irrigation water dependent is likely to use a larger portion of the total 
delivered water beneficially. Crops grown on rooftops are likely to take up less portions of the 
total delivered water than the same crops grown in fields are. 
The same field crop grown in different cities can have significantly different ratios of yield to 
irrigation demand. The highest ratios of different crops occurred in difference places. 
Averaging across all the cities, potatoes had the highest value for yield per millimetre of 
irrigation water, and groundnuts had the lowest yield per millimetre of irrigation water value.  
The model limitations are described in Chapter 4 Section 4.4 and also discussed in Chapter 6 
Section 6.5, and are briefly summarised in the following. Instead of using input values obtained 
from the literature, locally observed/derived Kcb values, crop growth stage lengths, crop 
average maximum height, rooting depth, weather parameters, ET0, and physical characteristics 
of soils should be used in the model. While the modified FAO-56 method with the Tew 
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Extension for rooftop applications considers the effects of shallow root depth on soil water 
balance, it does not take into account other relevant factors that would affect crop transpiration, 
soil evaporation and irrigation. For instance, extreme weather conditions and limited soil depth 
on a rooftop may have significant impact on crop growth and root development, and hence on 
crop transpiration. Model calibration was not possible due to the fact that measured evaporation, 
transpiration and irrigation data for the ten crops in the five cities were not available in the 
literature. Due to the lack of model calibration, it was uncertain if the estimated evaporation, 
transpiration and irrigation values were close to the real values. However, the current work 
focused on comparison purposes and providing indications (e.g. which crops are better be to 
grown in which cities) rather than calculating absolute values for evaporation, transpiration, 
and irrigation for a particular crop grown in a specific field or on a rooftop under particular 
management.  
 
7.3 Recommendations for future work 
 Kcb values listed in Table 17 (Allen et al., 1998) are for crops that are disease free and 
have no growth or yield restrictions imposed. These Kcb values should be adjusted to 
take into account of local climatic conditions, cultural practices and crop varieties. 
Hence, local Kcb values for crops grown in different regions in Australia should be 
obtained for more accurate evapotranspiration and irrigation estimation of crops grown 
in Australia (Allen et al., 1998, Liu and Luo, 2010).   
 More accurate crop growing periods, and crop development stage lengths should be 
adopted by considering effects of plant variety, and climatic and non-climatic factors 
(market prices and demands, water availability, impacts of growing period on 
production quality, and change in cultivars) (Allen et al., 1998, Pereira et al., 2015).  
 Maximum crop height should be obtained from field observation since the values listed 
in Table 12 (Allen et al., 1998) vary greatly with crop variety and with cultural practices.  
 Using weather data from a weather station installed near a cropped field or on a rooftop 
can also increase the accuracy of evapotranspiration and irrigation estimations. Weather 
data for a city obtained from the BoM website may deviate greatly from the actual 
weather conditions around the cropped site. In addition, ET0 and u2 on a rooftop can be 
properly calculated using the weather parameters measured on rooftops. 
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 The actual physical characteristics of a soil used to grow crops should be obtained from 
the field or the rooftop instead of using the typical values included in the FAO-56 
document (Allen et al., 1998).  
 Future research may focus on the understanding of the effects of rooftop environment 
(extreme weather conditions, thin soil depth and roof geometry) on crop growth and 
crop yield.  
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Appendix A ET0.m - Reference Evapotranspiration Calculation 
 
 
 
%% Calculation of Reference Evapo-Transpiration using Penman-Monteith 
equation presented in BoM ET0 Calculation (Allen et al., 1998, Webb, 2010) 
clc 
clear 
close all 
  
[num, txt, raw] = xlsread('PET.xlsx','Sydney'); 
  
%% average daily wind speed(for 24-hour period beginning at midnight) at a 
height of 2m 
z=10; %m height of original wind measurement 
u_z_9=num(:,8); %m/s average wind speed each day 9-9 
  
PET_indexes = 2:length(u_z_9); 
u_z_0(1) = u_z_9(1); 
u_z_0(2:length(u_z_9)) = u_z_9(PET_indexes).*0.625+u_z_9(PET_indexes-
1).*0.375; 
  
u_2_0=u_z_0.*4.87./(log(67.8.*z-5.42));%m/s 
  
%%  Atmospheric Pressure  
z_e=5; %m, elevation of the weather station ablve sea level 
P=101.3.*((293-0.0065.*z_e)./293).^5.26; % KPa, atmospheric pressure  
  
%% Psychometric constant  
gamma=1.013e-3./2.45./0.622.*P;  
  
%% Soil heat flux 
G=0;  
  
%% Actual Vapuor pressure derived from relative humidity data 
T_min_9=num(:,5);%[degree] daily minimum air temperature 9-9 
T_max_9=num(:,4);%[degree] daily maximum air temperature 9-9 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%adjust temperature data 
T_max_0(1) = T_max_9(1); 
T_max_0(2:length(T_max_9)) = T_max_9(PET_indexes).*0.625+T_max_9(PET_indexes-
1).*0.375; 
  
T_min_0(1) = T_min_9(1); 
T_min_0(2:length(T_min_9)) = T_min_9(PET_indexes).*0.625+T_min_9(PET_indexes-
1).*0.375; 
  
  
  
e_o_min=0.6108.*exp(17.27.*T_min_0./(T_min_0+237.3));%[kPa] saturation vapour 
pressure  
e_o_max=0.6108.*exp(17.27.*T_max_0./(T_max_0+237.3));%[kPa] saturation vapour 
pressure  
  
e_s=(e_o_min+e_o_max)./2;%[kPa] mean saturation vapour pressure 
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RH_min_0=num(:,7); 
RH_max_0=num(:,6); 
  
e_a=(e_o_min.*RH_max_0'./100+e_o_max.*RH_min_0'./100)./2; % actual vapour 
pressure  
  
  
%% the Julian day 
% remove empty cells in the date coloumn 
date=txt(:,2); 
emptycells=cellfun('isempty',date); 
date(all(emptycells,2),:)=[]; 
date(1)=[]; 
% numbering days in 2009 
nine=strfind(date,'2009'); 
emptycells=cellfun('isempty',nine); 
nine(all(emptycells,2),:)=[]; 
  
twoThnine1=1:length(nine); 
twoThnine=sort(twoThnine1); 
   
% numbering days in 2010 
ten=strfind(date,'2010'); 
emptycells=cellfun('isempty',ten); 
ten(all(emptycells,2),:)=[]; 
  
twoThten1=1:length(ten); 
twoThten=sort(twoThten1); 
  
% numbering days in 2011 
eleven=strfind(date,'2011'); 
emptycells=cellfun('isempty',eleven); 
eleven(all(emptycells,2),:)=[]; 
  
twoTheleven1=1:length(eleven); 
twoTheleven=sort(twoTheleven1); 
  
% numbering days in 2012 
twelve=strfind(date,'2012'); 
emptycells=cellfun('isempty',twelve); 
twelve(all(emptycells,2),:)=[]; 
  
twoThtwelve1=1:length(twelve); 
twoThtwelve=sort(twoThtwelve1); 
  
% numbering days in 2013 
thirteen=strfind(date,'2013'); 
emptycells=cellfun('isempty',thirteen); 
thirteen(all(emptycells,2),:)=[]; 
  
twoThthirteen1=1:length(thirteen); 
twoThthirteen=sort(twoThthirteen1); 
  
% numbering days in 2014 
forteen=strfind(date,'2014'); 
emptycells=cellfun('isempty',forteen); 
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forteen(all(emptycells,2),:)=[]; 
  
twoThforteen1=1:length(forteen); 
twoThforteen=sort(twoThforteen1); 
  
% numbering days in 2015 
fifteen=strfind(date,'2015'); 
emptycells=cellfun('isempty',fifteen); 
fifteen(all(emptycells,2),:)=[]; 
  
twoThfifteen1=1:length(fifteen); 
twoThfifteen=sort(twoThfifteen1); 
  
  
NoD=length(nine)+length(ten)+length(eleven)+length(twelve)+length(thirteen)..
. 
    +length(forteen)+length(fifteen); 
  
A=zeros(2281,1); 
  
NoD_2015x=A(1:length(fifteen)); 
NoD_2015=1:length(NoD_2015x); 
Julian_2015(NoD_2015)=twoThfifteen; 
Julian_2015=Julian_2015'; 
  
NoD_2014x=A(length(fifteen):length(fifteen)+length(forteen)-1); 
NoD_2014=1:length(NoD_2014x); 
Julian_2014(NoD_2014)=twoThforteen; 
Julian_2014=Julian_2014'; 
  
NoD_2013x=A(length(forteen):length(forteen)+length(thirteen)-1); 
NoD_2013=1:length(NoD_2013x); 
Julian_2013(NoD_2013)=twoThthirteen; 
Julian_2013=Julian_2013'; 
  
NoD_2012x=A(length(thirteen):length(thirteen)+length(twelve)-1); 
NoD_2012=1:length(NoD_2012x); 
Julian_2012(NoD_2012)=twoThtwelve; 
Julian_2012=Julian_2012'; 
  
NoD_2011x=A(length(twelve):length(twelve)+length(eleven)-1); 
NoD_2011=1:length(NoD_2011x); 
Julian_2011(NoD_2011)=twoTheleven; 
Julian_2011=Julian_2011'; 
  
NoD_2010x=A(length(eleven):length(eleven)+length(ten)-1); 
NoD_2010=1:length(NoD_2010x); 
Julian_2010(NoD_2010)=twoThten; 
Julian_2010=Julian_2010'; 
  
NoD_2009x=A(length(ten):length(ten)+length(nine)-1); 
NoD_2009=1:length(NoD_2009x); 
Julian_2009(NoD_2009)=twoThnine; 
Julian_2009=Julian_2009'; 
  
Julian_day=[Julian_2009; Julian_2010; Julian_2011; 
Julian_2012;Julian_2013;... 
Appendix A ET0.m - Reference evapotranspiration calculation 
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    Julian_2014;Julian_2015]; 
  
  
  
delta=0.409.*sin(2.*pi./365.*Julian_day-1.39); %[radians] solar declination 
  
varphi=-33.9465.*pi./180;% latitude in radians, negative for the southern 
hemisphere 
  
omega_s=acos(-tan(varphi).*tan(delta)); %radians the sunset hour angle 
  
d_r=1+0.033.*cos(2.*pi./365.*Julian_day); % the inverse relative distance 
Earth-Sun 
  
G_sc=0.0820; %the solar constant 
  
R_a=24*60/pi.*G_sc.*d_r.*(omega_s.*sin(varphi).*sin(delta)+cos(varphi).*cos(d
elta).*sin(omega_s));%MJm-2day-1 the extraterrestrial radiation 
  
R_so=(0.75+2e-5.*z_e).*R_a; %MJm-2day-1 the clear-sky solar radiation  
  
R_s=num(:,9); 
  
% R_s_9=num(:,9);%[degree] daily maximum air temperature 9-9 
% %adjust temperature data 
% for i=2:length(R_s_9) 
%     R_s_0(i)=R_s_9(i).*0.375+R_s_9(i-1).*0.625; 
% end 
% R_s_0(1)=R_s_9(1); 
% R_s=R_s_0';  % [degree] in each day 0-0 
  
R=min(R_s./R_so,1); %R_s/R_so is limited to 1 
  
sigma=4.903e-9; %MJk-4m-2day-1 Stefan_Boltzmann constant  
  
R_nl=sigma.*(0.34-0.139.*sqrt(e_a)).*(1.35.*R'-
0.35).*(((T_max_0+273.16).^4+(T_min_0+273.16).^4)./2); 
  
alpha=0.23; %the albedo of the grass reference crop 
  
R_ns=(1-alpha).*R_s; 
  
R_n=R_ns-R_nl'; 
  
T_mean_1p2=(T_max_0+T_min_0)./2; % the mean daily air temp. at a height of 
1.2m above the ground, 
  
T_mean=T_mean_1p2-0.0065.*(1.2-2);% the mean daily air temp. at a height of 
2m above the ground 
  
Delta=4098.*(0.6108.*exp(17.27.*T_mean./(T_mean+237.3)))./((T_mean+237.3).^2)
; 
  
ET_0=(0.408.*Delta.*(R_n'-G)+gamma.*900./(T_mean+273).*u_2_0.*(e_s-
e_a))./(Delta+gamma.*(1+0.34.*u_2_0)); 
  
Appendix A ET0.m - Reference evapotranspiration calculation 
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ET_0_diffpercent=abs((ET_0'-num(:,1))./num(:,1)); %[mm/day] difference 
between BoM-calculated ET0 and this file-calculated ET0 
  
ET0_BoM = num(:,1); 
  
  
ET0_BoM=ET0_BoM(sum(isnan(ET0_BoM),2)==0);% remove all NAN 
Ave_ET0_BoM = mean(ET0_BoM); 
  
ET_0_diffpercent=ET_0_diffpercent(sum(isnan(ET_0_diffpercent),2)==0);% remove 
all NAN 
  
Meandiff=mean(ET_0_diffpercent); 
  
fprintf('The average difference (in mm/day) between BoM-calculated ET0 and 
this file-calculated ET0 is %.4f\n', Meandiff) 
  
  
  
  
  
Reference 
ALLEN, R. G., PEREIRA, L. S., RAES, D. & SMITH, M. 1998. Crop evapotranspiration - Guidelines for 
computing crop water requirements - FAO Irrigation and drainage paper 56. FAO, Rome, 300. 
WEBB, C. P. 2010. BUREAU OF METEOROLOGY REFERNCE EVAPOTRANSPIRATION CALCULATIONS. 
Bureau of Meteorology. 
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Appendix B FAO56x8.xls
Example Spreadsheet for Calculating ET c  = (K cb  + K e )ET o  and an Irrigation Schedule (All "nonboxed" values will be recalculated automatically)
For a New Crop, Change Values in the Boxes Computed Dates for Stages:
Crop: Dry, Edible Beans Table 11: Table 17: Following Adjustment: J Plant 143 fw (irrig.): 1
  L ini 25 K cb ini 0.15 0.15 K cmin 0.15 J Dev 168 REW: 8 mm
Planting: Month 5   L dev 25 K cb mid 1.10 1.1598 Max.Ht.: 0.4 m J Mid 193 TEW: 17.5 mm
Day 22   L mid 30 K cb end 0.25 0.25 J Late 223 initial De: mm
  L late 20 J Harv 243 Initial fw: 1
Midseas. Av. Wind Speed: 4.06745 m/s <----Computed automatically from Lookup on column AO
"Double" Underlined Columns (below) are User-Entered Midseas. Av. RHmin: 38.3000 % <----Computed automatically from Lookup on column AP <-----------------------------------Evaporation Calculation------------------------------------>
"Single" Underlined Columns are Computed by the Spreadsheet Net
=INT(275*A15/9-30+B15)+IF(A15>2,-2,0)+IF(MOD(C Wind <---------used for adjusting K cb  -----------> Irrig./fw (<--from irrig. sched., prev. day) De,i De,i
Tmax @ 2m Tdew ETo eo(Tdew) eo(Tmax) RHmin P - RO Height (beg. of day) start E DPe end
Month Day Year J C m/s C mm/d kPa kPa % mm Kcb m Kc max mm fc fw few mm Kr Ke mm/d mm/d mm
5 22 12 143 10.0 2.759 2.9 0.61 1.23 29.00 4.2 0.1500 0.0517 1.1279 72 0.00908 1.00 0.9909 1.00 0.98 2.84 63.56 2.86
5 23 12 144 13.3 2.781 -5.0 3.4 0.42 1.53 23.00 0.1500 0.0517 1.1353 0.00901 1.00 0.9910 2.86 1.00 0.99 3.35 6.24
5 24 12 145 13.3 2.558 -1.1 1.8 0.56 1.53 47.00 0.1500 0.0517 1.1042 0.00931 1.00 0.9907 6.24 1.00 0.95 1.72 7.98
5 25 12 146 13.3 4.348 -2.8 3.7 0.50 1.53 25.00 6.1 0.1500 0.0517 1.1514 0.00886 1.00 0.9911 1.85 1.00 1.00 3.71 5.59
5 26 12 147 13.3 5.727 -0.6 4.4 0.58 1.53 30.00 3.7 0.1500 0.0517 1.1618 0.00877 1.00 0.9912 1.91 1.00 1.01 4.45 6.41
5 27 12 148 12.8 5.145 3.3 3.0 0.77 1.48 46.00 0.1500 0.0517 1.1360 0.00901 1.00 0.9910 6.41 1.00 0.99 2.96 9.39
5 28 12 149 17.2 4.817 -0.6 2.3 0.58 1.96 51.00 0.1500 0.0517 1.1262 12.099012 0.00910 1.00 0.9909 1.00 0.98 2.25 2.71 2.27
5 29 12 150 22.8 3.977 1.7 1.4 0.69 2.78 72.00 4.5 0.1500 0.0517 1.0914 0.00944 1.00 0.9906 1.00 0.94 1.32 2.23 1.33
5 30 12 151 24.4 3.106 5.6 1.9 0.91 3.06 53.00 3.1 0.1500 0.0517 1.1036 0.00932 1.00 0.9907 1.00 0.95 1.81 1.74 1.83
5 31 12 152 24.4 2.877 6.7 1.7 0.98 3.06 63.00 0.2 0.1500 0.0517 1.0891 0.00947 1.00 0.9905 1.60 1.00 0.94 1.60 3.22
6 1 12 153 25.6 2.296 8.3 1.4 1.09 3.28 65.00 0.1500 0.0517 1.0798 0.00956 1.00 0.9904 3.22 1.00 0.93 1.30 4.53
6 2 12 154 27.8 2.745 10.0 0.9 1.23 3.74 86.00 0.1 0.1500 0.0517 1.0603 0.00978 1.00 0.9902 4.40 1.00 0.91 0.82 5.23
6 3 12 155 24.4 2.973 10.6 0.7 1.28 3.06 92.00 19.5 0.1500 0.0517 1.0559 0.00982 1.00 0.9902 1.00 0.91 0.63 14.22 0.64
6 4 12 156 21.7 3.529 3.3 2.7 0.77 2.60 41.00 18.1 0.1500 0.0517 1.1228 0.00913 1.00 0.9909 1.00 0.97 2.63 17.48 2.65
6 5 12 157 18.9 6.464 2.2 2.9 0.72 2.18 44.00 3.9 0.1500 0.0517 1.1540 0.00884 1.00 0.9912 1.00 1.00 2.91 1.25 2.94
6 6 12 158 17.2 8.441 3.3 2.3 0.77 1.96 57.00 14.3 0.1500 0.0517 1.1620 0.00877 1.00 0.9912 1.00 1.01 2.33 11.31 2.35
6 7 12 159 21.1 5.813 -0.6 2.4 0.58 2.50 41.00 11.7 0.1500 0.0517 1.1499 0.00888 1.00 0.9911 1.00 1.00 2.40 9.33 2.42
6 8 12 160 23.9 3.083 1.1 1.9 0.66 2.97 50.00 1.9 0.1500 0.0517 1.1069 0.00929 1.00 0.9907 0.55 1.00 0.96 1.82 2.38
6 9 12 161 28.3 2.383 6.7 1.9 0.98 3.85 42.00 0.1500 0.0517 1.1081 0.00928 1.00 0.9907 2.38 1.00 0.96 1.82 4.22
6 10 12 162 24.4 2.753 7.8 1.0 1.06 3.06 74.00 1.4 0.1500 0.0517 1.0746 0.00962 1.00 0.9904 2.84 1.00 0.92 0.92 3.78
6 11 12 163 20.0 4.356 6.1 1.4 0.94 2.34 74.00 30.3 0.1500 0.0517 1.0936 0.00942 1.00 0.9906 1.00 0.94 1.32 26.55 1.33
6 12 12 164 16.1 5.339 8.3 2.3 1.09 1.83 58.00 41.0 0.1500 0.0517 1.1241 0.00912 1.00 0.9909 1.00 0.97 2.24 39.62 2.26
6 13 12 165 18.3 4.319 6.7 1.0 0.98 2.10 81.00 21.7 0.1500 0.0517 1.0848 0.00951 1.00 0.9905 1.00 0.93 0.93 19.44 0.94
6 14 12 166 15.0 2.810 1.7 1.6 0.69 1.71 56.00 8.8 0.1500 0.0517 1.0966 0.00939 1.00 0.9906 1.00 0.95 1.51 7.83 1.53
6 15 12 167 18.9 2.489 2.2 2.1 0.72 2.18 45.00 2.6 0.1500 0.0517 1.1058 0.00930 1.00 0.9907 1.00 0.96 2.01 1.07 2.03
6 16 12 168 24.4 2.572 3.3 1.1 0.77 3.06 73.00 0.2 0.1888 0.0651 1.0718 0.03801 1.00 0.9620 1.83 1.00 0.88 0.97 2.84
6 17 12 169 27.8 4.021 6.7 3.2 0.98 3.74 36.00 5.6 0.2277 0.0785 1.1392 0.07106 1.00 0.9289 1.00 0.91 2.92 2.74 3.14
6 18 12 170 30.6 3.829 6.1 2.8 0.94 4.39 35.00 3.3 0.2665 0.0919 1.1398 0.10670 1.00 0.8933 1.00 0.87 2.45 0.16 2.74
6 19 12 171 33.3 3.986 9.4 3.3 1.18 5.12 35.00 0.3054 0.1053 1.1437 0.14179 1.00 0.8582 2.74 1.00 0.84 2.77 5.96
6 20 12 172 33.3 3.423 10.0 2.3 1.23 5.12 39.00 0.3442 0.1187 1.1307 0.17987 1.00 0.8201 5.96 1.00 0.79 1.81 8.17
6 21 12 173 37.8 3.662 10.0 3.1 1.23 6.55 38.00 0.3830 0.1321 1.1370 0.21463 1.00 0.7854 8.17 0.98 0.74 2.30 11.09
6 22 12 174 32.8 5.139 9.4 4.1 1.18 4.97 35.00 0.4219 0.1455 1.1668 0.24292 1.00 0.7571 11.09 0.67 0.50 2.06 13.81
6 23 12 175 37.2 4.761 11.1 3.3 1.32 6.34 28.00 0.4607 0.1589 1.1739 17.185691 0.27603 1.00 0.7240 1.00 0.71 2.35 3.37 3.25
6 24 12 176 35.6 4.179 7.2 3.3 1.02 5.81 34.00 0.4996 0.1723 1.1557 0.31734 1.00 0.6827 3.25 1.00 0.66 2.17 6.42
6 25 12 177 35.0 3.664 8.9 3.1 1.14 5.62 31.00 0.5384 0.1857 1.1532 0.35451 1.00 0.6455 6.42 1.00 0.61 1.91 9.38
6 26 12 178 33.9 4.209 1.1 1.6 0.66 5.29 64.00 0.4 0.5772 0.1991 1.1055 0.41272 1.00 0.5873 9.00 0.89 0.47 0.76 10.29
6 27 12 179 25.6 3.817 4.4 1.8 0.84 3.28 49.00 3.9 0.6161 0.2125 1.1256 0.44166 1.00 0.5583 6.44 1.00 0.51 0.92 8.08
6 28 12 180 27.8 2.575 8.9 1.6 1.14 3.74 58.00 2.2 0.6549 0.2259 1.0866 0.50273 1.00 0.4973 5.91 1.00 0.43 0.69 7.29
6 29 12 181 32.2 2.449 8.9 1.9 1.14 4.81 56.00 0.4 0.6938 0.2393 1.0878 0.54322 1.00 0.4568 6.92 1.00 0.39 0.75 8.56
6 30 12 182 35.6 2.508 15.0 2.4 1.71 5.81 32.00 0.2 0.7326 0.2527 1.1344 0.55386 1.00 0.4461 8.33 0.96 0.39 0.93 10.42
7 1 12 183 32.2 3.317 11.1 3.2 1.32 4.81 27.00 0.7714 0.2661 1.1603 0.57660 1.00 0.4234 10.42 0.75 0.29 0.93 12.61
7 2 12 184 30.6 4.340 10.0 3.1 1.23 4.39 32.00 0.8103 0.2794 1.1714 0.60818 1.00 0.3918 12.61 0.51 0.19 0.58 14.08
7 3 12 185 25.0 4.904 3.3 3.0 0.77 3.17 41.00 0.8491 0.2928 1.1658 0.65163 1.00 0.3484 14.08 0.36 0.11 0.34 15.06
7 4 12 186 27.8 5.536 6.7 2.5 0.98 3.74 49.00 0.8879 0.3062 1.1633 0.69379 1.00 0.3062 15.06 0.26 0.07 0.18 15.64
7 5 12 187 28.3 5.786 6.1 1.7 0.94 3.85 66.00 2.0 0.9268 0.3196 1.1345 0.75974 1.00 0.2403 13.64 0.41 0.08 0.14 14.24
7 6 12 188 28.9 5.388 6.1 1.9 0.94 3.98 57.00 14.0 0.9656 0.3330 1.1453 0.79279 1.00 0.2072 0.29 1.00 0.18 0.34 1.93
7 7 12 189 33.9 3.782 12.2 1.3 1.42 5.29 70.00 8.4 1.0045 0.3464 1.0850 0.89976 1.00 0.1002 1.00 0.08 0.10 6.47 1.04
7 8 12 190 27.8 2.408 9.4 1.6 1.18 3.74 57.00 0.5 1.0433 0.3598 1.0933 0.93776 1.00 0.0622 0.59 1.00 0.05 0.08 1.88
7 9 12 191 22.8 2.444 3.9 1.8 0.81 2.78 55.00 1.0821 0.3732 1.1321 0.93988 1.00 0.0601 1.88 1.00 0.05 0.09 3.38
7 10 12 192 27.2 3.027 5.0 1.9 0.87 3.61 60.00 1.1210 0.3866 1.1710 0.94184 1.00 0.0582 3.38 1.00 0.05 0.10 5.01
7 11 12 193 31.7 3.274 7.8 2.7 1.06 4.67 37.00 4.7500 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 0.26 1.00 0.05 0.14 2.66
7 12 12 194 28.3 2.753 9.4 1.5 1.18 3.85 66.00 2.9 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 1.00 0.05 0.08 0.19 1.33
7 13 12 195 30.0 2.889 10.0 2.5 1.23 4.24 51.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 1.33 1.00 0.05 0.13 3.55
7 14 12 196 28.9 3.318 9.4 3.2 1.18 3.98 29.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 3.55 1.00 0.05 0.16 6.39
7 15 12 197 24.4 4.229 6.7 3.5 0.98 3.06 33.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 6.39 1.00 0.05 0.18 9.50
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Appendix B FAO56x8.xls
Example Spreadsheet for Calculating ET c  = (K cb  + K e )ET o  and an Irrigation Schedule (All "nonboxed" values will be recalculated automatically)
For a New Crop, Change Values in the Boxes Computed Dates for Stages:
Crop: Dry, Edible Beans Table 11: Table 17: Following Adjustment: J Plant 143 fw (irrig.): 1
  L ini 25 K cb ini 0.15 0.15 K cmin 0.15 J Dev 168 REW: 8 mm
Planting: Month 5   L dev 25 K cb mid 1.10 1.1598 Max.Ht.: 0.4 m J Mid 193 TEW: 17.5 mm
Day 22   L mid 30 K cb end 0.25 0.25 J Late 223 initial De: mm
  L late 20 J Harv 243 Initial fw: 1
Midseas. Av. Wind Speed: 4.06745 m/s <----Computed automatically from Lookup on column AO
"Double" Underlined Columns (below) are User-Entered Midseas. Av. RHmin: 38.3000 % <----Computed automatically from Lookup on column AP <-----------------------------------Evaporation Calculation------------------------------------>
"Single" Underlined Columns are Computed by the Spreadsheet Net
=INT(275*A15/9-30+B15)+IF(A15>2,-2,0)+IF(MOD(C Wind <---------used for adjusting K cb  -----------> Irrig./fw (<--from irrig. sched., prev. day) De,i De,i
Tmax @ 2m Tdew ETo eo(Tdew) eo(Tmax) RHmin P - RO Height (beg. of day) start E DPe end
Month Day Year J C m/s C mm/d kPa kPa % mm Kcb m Kc max mm fc fw few mm Kr Ke mm/d mm/d mm
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
7 16 12 198 21.7 3.803 8.3 3.1 1.09 2.60 30.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 9.50 0.84 0.04 0.13 11.81
7 17 12 199 15.0 3.123 7.8 3.1 1.06 1.71 26.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 11.81 0.60 0.03 0.09 13.46
7 18 12 200 22.2 3.049 5.6 3.1 0.91 2.68 32.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 13.46 0.43 0.02 0.07 14.63
7 19 12 201 29.4 4.230 7.2 2.3 1.02 4.10 55.00 1.1598 0.4000 1.2098 32.43732 0.94366 1.00 0.0563 1.00 0.05 0.12 17.81 2.04
7 20 12 202 31.1 4.319 9.4 2.4 1.18 4.52 46.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 2.04 1.00 0.05 0.12 4.17
7 21 12 203 32.8 5.768 10.6 2.7 1.28 4.97 52.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 4.17 1.00 0.05 0.14 6.57
7 22 12 204 30.0 6.485 11.7 2.5 1.38 4.24 55.00 3.8 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 2.82 1.00 0.05 0.13 5.04
7 23 12 205 28.9 5.653 10.0 2.6 1.23 3.98 47.00 2.6 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 2.41 1.00 0.05 0.13 4.72
7 24 12 206 31.7 3.820 12.2 1.0 1.42 4.67 84.00 4.4 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 0.37 1.00 0.05 0.05 1.26
7 25 12 207 32.2 3.075 12.8 2.6 1.48 4.81 39.00 4.6 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 1.00 0.05 0.13 3.34 2.31
7 26 12 208 32.8 2.937 12.8 2.6 1.48 4.97 39.00 1.3 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 1.03 1.00 0.05 0.13 3.34
7 27 12 209 31.7 3.604 12.2 3.4 1.42 4.67 27.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 3.34 1.00 0.05 0.17 6.36
7 28 12 210 33.3 4.537 12.2 3.6 1.42 5.12 34.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 6.36 1.00 0.05 0.18 9.55
7 29 12 211 32.2 4.753 13.3 2.7 1.53 4.81 48.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 9.55 0.84 0.04 0.11 11.56
7 30 12 212 30.6 5.753 8.9 3.3 1.14 4.39 36.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 11.56 0.63 0.03 0.10 13.39
7 31 12 213 30.0 6.064 8.9 2.6 1.14 4.24 53.00 1.5 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 11.89 0.59 0.03 0.08 13.25
8 1 12 214 30.6 5.500 7.2 2.7 1.02 4.39 47.00 0.9 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 12.35 0.54 0.03 0.07 13.65
8 2 12 215 32.2 4.432 5.6 2.8 0.91 4.81 43.00 0.1 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 13.52 0.42 0.02 0.06 14.56
8 3 12 216 32.8 3.249 8.3 3.1 1.09 4.97 26.00 0.1 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 14.49 0.32 0.02 0.05 15.36
8 4 12 217 34.4 3.057 10.0 3.8 1.23 5.44 20.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 15.36 0.23 0.01 0.04 16.12
8 5 12 218 31.7 3.490 10.6 4.3 1.28 4.67 20.00 1.1598 0.4000 1.2098 36.765463 0.94366 1.00 0.0563 1.00 0.05 0.22 20.64 3.82
8 6 12 219 32.2 4.075 11.7 4.1 1.38 4.81 21.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 3.82 1.00 0.05 0.21 7.45
8 7 12 220 32.2 3.717 9.4 3.7 1.18 4.81 21.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 7.45 1.00 0.05 0.19 10.74
8 8 12 221 31.1 2.970 9.4 3.8 1.18 4.52 16.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 10.74 0.71 0.04 0.14 13.14
8 9 12 222 29.4 4.098 12.8 4.9 1.48 4.10 16.00 1.1598 0.4000 1.2098 0.94366 1.00 0.0563 13.14 0.46 0.02 0.11 15.13
8 10 12 223 28.9 8.009 13.3 3.6 1.53 3.98 41.00 1.1143 0.4000 1.2401 0.86324 1.00 0.1368 15.13 0.25 0.03 0.11 15.96
8 11 12 224 30.6 9.926 10.6 2.9 1.28 4.39 52.00 1.8 1.0688 0.4000 1.2579 0.79887 1.00 0.2011 14.21 0.35 0.07 0.19 15.15
8 12 12 225 32.2 8.537 9.4 2.3 1.18 4.81 60.00 3.3 1.0234 0.4000 1.2101 0.79254 1.00 0.2075 11.85 0.59 0.11 0.26 13.08
8 13 12 226 24.4 4.881 12.8 2.6 1.48 3.06 49.00 1.4 0.9779 0.4000 1.1542 0.79314 1.00 0.2069 11.73 0.61 0.11 0.28 13.08
8 14 12 227 25.6 2.883 11.1 3.2 1.32 3.28 27.00 0.9324 0.4000 1.1586 0.73724 1.00 0.2628 13.08 0.47 0.11 0.34 14.36
8 15 12 228 23.9 2.819 5.6 3.7 0.91 2.97 24.00 0.8869 0.4000 1.1638 34.741294 0.68193 1.00 0.3181 1.00 0.28 1.02 20.38 3.22
8 16 12 229 22.8 3.231 5.6 4.1 0.91 2.78 26.00 0.8414 0.4000 1.1684 0.62827 1.00 0.3717 3.22 1.00 0.33 1.34 6.83
8 17 12 230 26.1 5.228 5.6 6.3 0.91 3.38 13.00 0.7959 0.4000 1.2405 0.53340 1.00 0.4666 6.83 1.00 0.44 2.80 12.83
8 18 12 231 28.3 6.422 7.2 5.3 1.02 3.85 29.00 0.7504 0.4000 1.2316 0.49345 1.00 0.5065 12.83 0.49 0.24 1.25 15.31
8 19 12 232 29.4 4.566 7.2 3.4 1.02 4.10 36.00 0.7049 0.4000 1.1758 0.47843 1.00 0.5216 15.31 0.23 0.11 0.37 16.01
8 20 12 233 27.2 3.228 6.1 3.6 0.94 3.61 26.00 0.6594 0.4000 1.1684 0.43552 1.00 0.5645 16.01 0.16 0.08 0.29 16.52
8 21 12 234 21.7 3.371 5.6 4.3 0.91 2.60 20.00 0.6139 0.4000 1.1846 0.38196 1.00 0.6180 16.52 0.10 0.06 0.25 16.93
8 22 12 235 26.7 3.869 2.2 4.9 0.72 3.50 28.00 0.5684 0.4000 1.1780 0.34007 1.00 0.6599 16.93 0.06 0.04 0.18 17.20
8 23 12 236 32.2 5.619 5.6 7.6 0.91 4.81 16.00 0.5229 0.4000 1.2425 33.425915 0.27535 1.00 0.7246 1.00 0.72 5.47 16.22 7.55
8 24 12 237 30.0 6.161 4.4 4.8 0.84 4.24 18.00 3.8 0.4775 0.4000 1.2499 0.23363 1.00 0.7664 3.80 1.00 0.77 3.71 8.63
8 25 12 238 32.2 4.267 6.7 4.1 0.98 4.81 23.00 2.3 0.4320 0.4000 1.1976 0.20701 1.00 0.7930 6.38 1.00 0.77 3.14 10.34
8 26 12 239 20.6 3.175 5.0 3.8 0.87 2.43 32.00 0.3865 0.4000 1.1541 0.17636 1.00 0.8236 10.34 0.75 0.58 2.20 13.01
8 27 12 240 20.6 3.259 3.9 3.7 0.81 2.43 35.00 0.3410 0.4000 1.1494 0.13725 1.00 0.8627 13.01 0.47 0.38 1.41 14.65
8 28 12 241 25.6 3.414 3.9 3.5 0.81 3.28 39.00 0.2955 0.4000 1.1440 0.09966 1.00 0.9003 14.65 0.30 0.25 0.89 15.64
8 29 12 242 28.3 3.853 3.3 4.2 0.77 3.85 26.00 0.2500 0.4000 1.1820 0.06075 1.00 0.9392 15.64 0.20 0.18 0.77 16.46
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% Matlab code for reproducing Example 38 “Irrigation scheduling to avoid crop 
water stress” (Allen, 2006) 
% Validating Ks calculation 
 
ET0=[4.5 5.0 3.9 4.2 4.8 2.7 5.8 5.1 4.7 5.2 9.2 6.4]; %[mm/day] 
Kcb=[0.3 0.31 0.32 0.33 0.34 0.36 0.37 0.38 0.39 0.4 0.41 0.42]; 
Ke=[0.91 0.9 0.64 0.36 0.19 0.60 0.44 0.19 0.10 0.05 0.03 0.79]; 
  
Zr_start=0.3; %[m] ask user how long is the root when plant, need the know 
when the root stop growing 
Zr_end=0.36; %[m] 
Zr_range=[0.3 0.36]; 
Time=[1 10]; 
Time1=1:10; 
Zr=interp1(Time,Zr_range,Time1); % interpolation between 0.3m on day1 and 
0.35m on day10 
  
Zr = [0.3 0.31 0.31 0.32 0.32 0.33 0.33 0.34 0.34 0.35 0.35 0.36]; 
  
p=0.6; % depletion factor 
  
theta_FC=0.23; 
theta_WP=0.1; 
TAW=1000.*(theta_FC-theta_WP).*Zr; 
RAW=p.*TAW; 
Dr_end1=RAW(1); % on day 1 
P=[0 0 0 0 0 6 0 0 0 0 0 0]; 
RO=[0 0 0 0 0 0 0 0 0 0 0 0]; 
Iw=[40 0 0 0 0 0 0 0 0 0 0 0]; 
CR=[0 0 0 0 0 0 0 0 0 0 0 0]; 
Drend_ini=23; %from question 
Drstart1=max(Drend_ini-P(1)+RO(1)-I(1),0); % assume irrigation or 
precipitation occur early in the day 
if Drstart1<=RAW(1) 
    Ks(1)=1; 
else Ks(1)=(TAW(1)-Drstart1)./((1-p).*TAW(1)); 
end  
Kc(1)=Ks(1).*Kcb(1)+Ke(1); 
E(1)=ET0(1)*Ke(1); 
ETc(1)=Kc(1).*ET0(1); 
DP(1)=max(P(1)-RO(1)+I(1)-ETc(1)-Drend_ini,0); 
% DP(1)=max(P(1)-RO(1)+I(1)-ETc(1)-Drend_ini,0); 
  
Drend(1)=max(Drend_ini-P(1)+RO(1)-I(1)-CR(1)+ETc(1)+DP(1),0); 
  
Drstart(1)=Drstart1; 
for i=2:12 
    if Drend(i-1)>= RAW(i-1) 
    I(i)=Drend(i-1); 
    end 
     
Drstart(i)=max(Drend(i-1)-P(i)+RO(i)-I(i),0); % assume irrigatino or 
pricipitation occur early in the day 
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    %Drstart(i)=Drend(i-1); %assume precip or irrigation ccour late in the 
day  
  
if Drstart(i)<=RAW(i) 
    Ks(i)=1; 
else Ks(i)=(TAW(i)-Drstart(i))./((1-p).*TAW(i));     
end 
E(i)=Ke(i).*ET0(i); 
Kc(i)=Ks(i).*Kcb(i)+Ke(i); 
ETc(i)=Kc(i).*ET0(i); 
DP(i)=max(P(i)-RO(i)+I(i)-ETc(i)-Drend(i-1),0); 
  
Drend(i)=max(Drend(i-1)-P(i)+RO(i)-I(i)-CR(i)+ETc(i)+DP(i),0); 
Drend(i)=min(Drend(i),TAW(i)); 
end 
 
